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DISCUSSION 

1. 	INTRODUCTION. 

All 	chemical 	change 	occurs as a result of collisions: in 

some 	cases 	highly 	complex, involving the .interactions of 

solvated - species, 	in 	others 	relatively 	simple 	as in a 

diatomic 	photo-dissociation. 	Despite 	this 	fundamental 

importance 	until 	the 	1960's 	there was little effort on 

the 	part 	of 	chemists 	to 	study 	the 	collision 	itself. 

Despite 	some 	isolated 	early work 	(A) 	and 	a 	clear 

perception 	of 	the 	important 	goals in this field (B) 	it 

appears 	that. technical 	difficulties were 	too severe to 

make 	the area attractive-to chemists. 	It was thus left to 

a 	Physicist', 	P. B. Moon (C)W, (almost inadvertently, as a 

by-product 	of other work) to make the first direct studiez 

of wide chemical significance. 	A study using "Crossed 

• * 	The 	author 	will 	always 	be 	grateful to his tutor and 

later- supervisor. 	Mr. 	R. 	P. Bell, for first drawing his 

attention to this paper during thecourse of a tutorial. 
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Molecular Beams 	of the reactive process:. 

K+ Ccl 	-> KC1 + Ccl 
'I- 	 3 

in which it was possible not only to estimate the velocity 

dependence 	but 	uniquely 	the 	angulaz? distribution of the 

product molecules. 	Information which leads naturally to 

an 	interpretation 	in 	terms of the actual trajectories of 

the individual atoms durina the collision. 

In. practice 	this work 	attracted 	little interest at the 

time 	and it was left- to other groups notably that of D. R. 

Herschbach, 	J. 	Ross and E.. F. Greene, and Sheldon Datz to 

generate 	the modern-field of "Molecular Dynamics" in which 

detailed 	knowledqe 	and 	understanding of the trajectories 

and 	potential 	surfaces 	followed 	during the collision is 

sought 

The 	rapid progress seen in this field since this time is a 

result 	of 	two factors, both technical. 	The first lies in 

the 	dramatic 	improvement 	in vacuum and electronic 

techniques, 	spilling over -  from work in elementary particle 

and nuclear 	physics. 	This 	advance, 	coupled with the 

availability 	to chemists of sufficient technical resources 

to 	exploit 	them, 	was 	of 	fundamental 	importance. 	In 

parallel 	with 	this 	experimental 	progress 	and of almost 
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equal 	consequence. 	it became possible to use fast digital 

computers 	to model' the molecular 	collisions 	studied 

experimentally. 	These 	"Monte Carlo" (1.10) computations 

provided 	great 	physical 	insight 	into 	the 	experimental 

data; 	it 	is 	clear that by itself each would have been of 

much less significance. 

This 	thesis 	is concerned with studying the most.intimate 

details 	of 	molecular 	collisions,' especially 	those 

preceeding 	or occurring during chemica,l reaction. For this 

purpose 	crossed molecular 	beam experiments provide a 

unique 	tool. 	As 	already 	discussed, technical innovation 

has 	played 	an 	important part in this field and molecular, 

beam 	collision 	research 	remains 	technique 	rather' than 

conceptually .  limited. 	Improvements in beam intensity and 

resolution. bring yet more processes under the microscope 

provided 	by 	the 	technique. 	For this reason considerable 

attention will 	be 	paid 	to 	experimental developments in 

this thesis. 

Atomic 	and molecular collisions take place over a range of 

- 	 - ' I  

10 	m 	and - have 	a 	lifetime 	of 	10 	- 10 	s, thouch 

considerably 	longer-lived 	"complexes" or "resonances' can 

sometimes 	occur. 	Information as to the mechanics of the 
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collision' 	in 	this."black box" region-can only be obtained 

by 	varying the input conditions in as controlled a fashion 

as possible and observing - again with as much detail as 

possible 	- 	the 	long 	time, ' long 	distance (in molecular 

terms) 	output. 	The 	available 	information 	reaches its 

theoretical 	quantum 	limit 	in 	the 	fully state-resolved, 

energy 	selected . differential 	cross 	section in which the 

incident, 	state - 	"i" 	and 	exit 	state 	"e" 	are 	fully 

determined. 	In 	almost 	all 	systems 	involving chemical. 

species, 	the 	available 	number 	of 	states 	is 	so 	large 

relative 	to 	the 	available 	beam 	intensity 	that 	this 

quantum-limited 	level 	of 	information is unlikely ever to 

be 	available. 	(This limit ma.y usefully be signalling that 

at 	least 	partially 	'classical 	models will be appropriate 

'for 	understanding 	chemical collision systems.) 	Since the 

resolution 	will 	inevitably 	be 	limited, 	it 	is 	of 	key 

importance 	in 	experiments 	to 	select 	the 	appropriate 

parameters 	for 	study 	so 	that 	the 	best, diagnostic 

information about the collision can be obtained. 

In 	conceptualising 	the 	collision 	problem it' is usual to. 

divide 	it 	into 	two parts - the potential surface and the 

trajectories 	followed 	by 	the 	atoms 	cv'er 	this surface. 

This 	separation 	is, 	of course, just the Born-Oppenheimer 
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approximation 	strictly 	valid 	only 	in 	the 	limit 	of 

stationary 	atoms! 	The 	description of systems in motion 

will 	thus. raise 	some 	questions 	as 	to 	the 	electronic 

adiabaticity 	of 	the 	collision. 	For weak departures from 

electronic 	a-diabaticity 	a 	useful 	description 	of ,  such 

systems 	can be obtained by considering 	the motion as 

occurring 	over 	a manifold 	of 	surfaces with transitions 

possible between the surfaces. 	For more extreme cases the 

separation into -surface and trajectory may be less useful. 

In 	this 	thesis 	attention •is 	primarily 	- 	but 	not 

exclusively 	- 	directed 	at 	atom/molecule 	systems and in 

particular 	- those 	which 	involve 	reactive 	molecules. 

Information 	on 	both 	the intermolecular potential surface 

and 	the 	trajectories 	of 	the 	atoms 	is 	obtained. 	The 

consequences of 	the breakdown in the Born-Oppenheimer 

approximation 	are 	explored 	and 	interpreted 	in terms of 

electron dynamics. 

It is shown that: 

	

1) 	Total 	and 	differential 	elastic 	cross 	sections 

provide 	information on potentials even for complex systems 

in which 	several 	surfaces 	are 	accessible. 	Thus - it was 	- 

	

- 	

i 	
3 

possible 	to 	obtain, 	nformation 	on 	the 	
4' 	

surface in 	- 
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alkali 	metal diatomics,even though the 	surface is also 

populated in the c' oIlision. 

The same technique can be used to study very 

short-lived, 	highly 	energetic species such as the excited 

mercury 	atom, 	63 P 	. 	Potentials for its interaction with 

a number of 	different 	atoms have been measured and in 

favourable 	cases 	it was 	possible to extract intormation 

about 	all 	the surfaces populated. 	It was shown that this 

excited state 	of mercury was reasonably stable toatomic 

collisions, 	t h e 	meta-stable - elect'ron configuration showing 

little, mixing 	with otherwise accessible states. 	In sharp 

contrast, 	collisions 	with molecular systems were strongly 

inelastic 	though 	it 	was 	still 	possible 	to 	estimate 

effective central potentials for these systems. 

A 	suitable 	choice of initial collision conditions 

greatly 	simplifies 	the 	form of the trajectories followed 

in 	reactive 	collisions. 	In 	particular fast collisions 

scattering 	to 	small 	angles 	are 	especially 	convenient 

probes 	and with 	this 	technique 	direct evidence for the 

involvement 	of 	ionic 	intermediates 	in many systems has 

been obtained. 	Competing 	adiabatic behaviour has been 

demonstrated and coupling matrix elements estimated. 
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4) 	The 	dynamics 	of 	vibronic 	excitation 	in 	alkali 

metal/molecule 	collisions 	can be 	described 	in terms of 

diabatic 	electronic •  motion, 	and 	quantitative models 

incorporating 	known 	intramolecular 	and negative 	ion 

potentials 	produce excellent agreement with experiment. 	A 

start 	has 	been made on extending this model to the very 

highly 	excited 	electronic 	states which are also observed 

experimentally. 	 . 	. 
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2. 	ELASTIC SYSTEMS 

A 	complete 	description 	is available in either quantum or 

classical 	mechanics 	for 	collisions 	between 	particles 

interacting 	only by central, range dependent forces. 	Such 

collisions 	are necessarily elastic. 	Some atomic systems, 

notably 	the, rare 	gases 	at low collision energies, (well 

below 	their 	lowest 	excitation 	energies) 	fall into this 

class. 	For 	systems 	such 	as these, quantum effects are 

substantial 	(unlike 	the 	bulk 	proDertiesof these gases) 

and 	strong 	quantum 	effects 	are 	observed 	(4,15). 	In 

particular, 	the 	characteristic 	attractivelrepulsive form 

of 	the ' - interatomic 	potential 	leads 	to 	spectacular 

interference 	effects 	in 	the total and differential cross 

sections. 	Apart 	from 	the 	intrinsic 	interest of these 

features, 	such as rainbows, glories, resonances etc. (17), 

it 	is 	possi6le to "invert" the observed cross sections.to  

obtain. information 	on 	the 	intermolecular potential. 	In 

principle, 	cross 	section 	data 	contains 	sufficient 

information 	to 	reconstruct 	completely the potential over 

the 	potential 	region 	explored 	by 	the 	traiectory. 

Unfortunately, 'limitations 	in 	resolution 	and 	precision 
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usually 	mean 	that 	only 	partial 	information can be 

extracted 	as 	to 	the potential over a limited range or, as 

to some key feature of the -potential. 	 . 	-. 

Accurate mapping of the potential over a significant range. 

thus 	requires high resolution cross section measurements 

over an equally extended collision energy. Such 

measurements have been largely limited to the rare gases. 

For many systems of more chemical interest the method is 

limited by the multiplicity of different molecular states 

which emerge 	from asymptotically degenerate states of the 

individual 	species; 	In some cases, the resulting ambiguity 

can 	be resolved 	by state—selected scattering experiments, 

more 	frequently 	so many 	states 	are involved (as in the 

collision 	of 	heavy molecules) that the collision can more 

usefully 	be described, in terms of an average or 	effective 

potential. 	The 	derived 	"potential" 	is then valid only 

over 	a 	limited 	range. 	There is thus a dichotomy between 

very 	accurate measurements 	leading 	to a full mapping of 

the 	potential 	for 	a small number of simple systems and a 

less 	precise 	but 	perhaps more 	chemically 	interesting 

investigation of more complex molecular systems. 

The 	hydrogen 	atom 	illustrates this dichotomy: it plays a' 
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direct 	role in much main stream chemistry interacting with 

many 	species 	including 	large 	organic molecules. 	At the 

same 	time 	it 	is 	the most 	fundamental chemical - species 

offering 	in 	its 	collision processes with simple atoms or 

molecules 	the 	best 	testing 	ground 	for full 'ab initio' 

quantum. calculations. 	It 	i.s the logical starting point 

for our investigation. 	 - 

-The requirements - for 	direct 	experimental work on H atom 

collisions using 	the molecular 	beam technique include a 

suitable 	source for the atoms, a velocity selector capable 

of 	producing 	an. approximately mono-energetic 	beam, 	a 

scattering 	target 	and 	'a 	suitably sensitive and specific 

detector 	for 	the scattered H atoms. 	The whole must be 

contained 	in a- vacuum environment in which the mean free 

path 'for 	the 	atoms -is much, greater than any apparatus 

dimensions. 	 - 

Cround 	s t a t e 	H atoms 	can be 	prepared 	by 	thermal 

dissociation 	at 	2700 	K, 	a 	superior 	technique to the 

alternative RF 	or microwave 	discharge method which is  

less well-defined 	and can produce various excited species 

in 	addition 	to the atoms. 	A suitable source of this type 

was 	developed(5) . 	H atoms 	can he 	detected 	in 	low 
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concentrations 	e i t h e r 	by 	mass 	spec-trornetric meanso'r by 

calorimetrically measuring 	the 	heat 	liberated 	by their 

atomic 	recombinations. 	In practice, mass spectrometry is 

difficult 	because 	of the large background signals present 

at 	mass no. I while the initial ionization process depends 

on 	the density 	of 	the 	H atoms and is less effective at 

high 	atom velocities. 	In contrast, a bolometer detector 

responds 	directly 	to 	the 	atom flux and can be' very 

specific 	for H atoms. 	A sensitive device of this type was 

developed 	for 	this work 	from a 	thin platinum film 

bolometer (2) and proved extremely convenient in use. 

The usual mechanical 	rotating 	disc pattern of molecular 

beam velocity 	seiect6rs , are unsuitable for use with very 

fast 	atom beams, since mechanical engineering restrictions 

limit 	their 	rotation 	speed. 	For 	these experiments, a 

magnetic 	selection technique was developed using 	the 

deflection 	of 	the paramacnetic atoms in a strong - magnetic 

field gradient' (3). 

The 	sensitivity of 	the 	apparatus was such that quantum 

limited 	tot-al 	cross 	sections 	could 	be measured.over a 

-I 
velocity 	range 	of 3 - lixiC 	cm s 	. 	The systems studied 

included 	the 	interactions of H atoms with the rare gases, 
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H 	and a number of saturated and unsaturated hydrocarbons. 

It 	was possible to estimate potential parameters for these 

systems and, to compare the results with various empirical 

correlations (5). 

More 	accurate 	estimations 	of 	potential surfaces require 

measurements 	of - the 	differential 	elastic 	cross section 

since 	such 	data more 	sensitively 	reflect, 	via 	the 

appropriate mapping of 	impact parameters onto scatterina 

angle, 	the 	range 	dependence 	of 	the 	potential. 

Unfortunately such measurements 	are 	intrinsically more 

difficult 	since 	the 	scattered signal is very much weaker 

than that measured in the total cross section experiments. 

The 	alkali 	metals offered an interesting prospect in this 

direction 	since 'it 	was 	known 	t h a t 	"hot 	wire" surface 

icniation 	provided 	a 	very 	sensitive detector for them. 

However, 	the two spin states of these atoms, degenerate in 

zero 	H 	fields, 	correlate 	with 	' different potential 

3 
surfaces 	 and 	. 	Some information on the rather 

14 strongly bonding 	was available from the spectroscopy 

of 	the dimer while the C 	was expected to be much less 

strongly bound. 	This system thus appeared a promising one 
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in whi'ch to explore the use of differential cross sections 

in 	realistic 	chemical 	systems where more 	t -han one 

potential 	surface was 	invo1ved: 	These systems were also 

of 	interest 	in 	that 	calculations 	suggested that higher 

order, 	quadrupole/quadrupole 	dispersion 	forces might be 

unusually important. 

Interference between motion in different regions of impact 

parameters 	space, 	which nevertheless 	exits at 	the same 

scattering 	angle contains 	potential 	information. 	The 

angular 	frequency,e, of the resulting oscillations in the 

scattering intensity will be: 

- 

where lqand V are the reduced mass and centre of mass 

velocity 	of 	the 	system and "a" is the "grating spacing'. 

The 	highest 	frequency 	thus 	corresponds to the effective 

range 	of 	the 	potential. 	For typical atomic systems at 

thermal 	energies44xOidetermining the design value 
,  

fcr 	the 	angular 	resolution in an experiment. 	The energy 

resolution,/, 	require.d 	in 	the collision can be obtained 

similarly. 	Since any feature "1" is located by (D) 
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wherc 	is the potential well depth and C is a constant, 

we obtain: 

S 	CE 

and 	from estimates, of the potential range and well depth 

we can obtain design requirements for the experiment. 	For 

the shallow 	 potential 	 and 	 are 

suitable, -- 	in 	contras.t 	at 	this 	energy 	resolution the 

structure arising 	from the much deeper well 	of the 

surface 	will 	be 	substantially washed 	out. 	The 

contribution 	of 	the 	surface to the 	observed structure 

will 	be 	further diminished by the degeneracy weighting of 

the 	collisions 	- 	for 	unselected beams three quarters of 

the 	collisions 	will 	follow 	the 	triplet 	surface, 	one 

qu.c.rter 	the 	singlet. 	Overall a substantial separation of 

the features arising from the two surface maybe expected. 

The 	requirements 	for 	apparatus 	resolution reached above 

were 	rather 	severe 	and 	it 	was 	clear 	that 	very, 	low 

scattered 	signals 	would 	result. • As 	a 	consequence 

particular 	attention was 	given 	to 	this 	aspect 	of the 

desiçn 	and • number of novel. features were developed 	The 

different 	alkali 	metal 	spec:es 	were 	distinguished 	by 

following 	a 	standard 	"hot wire 	ionizing detector with a 
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four 	pole 	mass 	filter. 	The ions on exit from the four 

pole 	field, were 	detected 	on 	an 	electron multiplier, 

discriminated 	and counted into a gated scaler system, the 

gates operating 	in synchronism with the modulation of one 

of. the molecular 	beams. 	Counts were thus accumulated in 

either 	'signal 	+ 	noise" 	or 	"noise" categories enabling 

scattering 	from 	the 	background gas to be eliminated. 	It 

was 	further necessary to nterchange the scalers between 

these 	duties 	so as 	to remove any biasing 	in 	the 

C 0 1 1 e c t I on 

The scalers were 	read 	directly onto paper tape together 

with other 	experimental variables such as 	the scattering 

angle'. 	The 	paper 	tape was, processed subsequently by 

computer, 	a 	substantial.suite of programs being developed 

for this purpose. 

This 	technique was 	very 	succesful - albeit on the first 

occasion 	it 	was 	used to collect 'significant experimental 

data. 	(with 	L. 	T. 	Cowley) 	it 	was 	realised that it was 

necessary 	to 'operate 	two 	switches at 5-second intervals 

throughout 	the 	experiment 	- a period of 24 hours in the 

event! 	A simple automation scheme was rapidly developed 
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to circumvent this problem. 

Further 	gains 	in signal 	intensity were achieved by 

designing 	a novel 	pattern 	of velocity selector having a 

v e r y 	short 	path 	length 	(8).. 	The 	complete system and 

associated 	computer 	programs are described elsewhere (7). 

With hindsight we can see-that these new features were all 

successful; 	however 	the 	beam sources and associated 

pumping 	-arrangements, 	although of 	t h e 	then 	current 

"effusive" 	pattern, 	were less successful. 	The design now 

current 	based 	on. a hydrodynamic rather than a molecular 

expansion provides 	a much 	greater beam flux though at a 

considerably 	greater 	cost 	and 	complexity 	in pumping 

arrangements. 	Further . difficulties 	were 	caused by the 

commercial 	shaft 	position encoders used 	to measure the 

scattering 	angle. 	Several 	versions 	from 	different 

manufacturers were 	used 	but'all proved unreliable in the 

vacuum environment 	of 	this 	experiment 	- 	a trivial but 

damaging failure. 

Using- this equipment, measurements of the very small angle 

quantum undulations 	in 	the 	cross 	section for 	the NaK 

—21 
system 	(6) 	yielded 	values of Rm=56A and=2x1O 	J for 
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the 	position 	and well 	depth 	in 	their 2 	potential. 

Unfortunately 	the 	available 	beam 	intensity was 

insufficient to allow measurements at this resolution to 

be extended over the wider range of angles needed to probe 

the repulsive part of the potential. However, the 

experiment was very sensitive to the long range features 

in the potential surface. 

To 	capitalise 	on 	this 	sensitivity 	to ?the interactions 

occurring 	in 	grazingco1lisions it was decided tostudy a 

reactive 	system, 	K + 12.. . 	This was thought to proceed at 

large 	impact parameters by electron transferat an avoided 

potential 	crossing; 	the 	subsequent 	motion 	of 	the ions 

yielding 	the 	ionic 	product 	KI(E) 	Measurements of the 

non-reactive 	scattering 	from 	impact 	parameters sampling 

the region of 	the supposed avoided crossing would be 

particularly 	sensitive 	to 	this 	mechanism. 	In nuclear 

physics 	the 	"cloudy 	crystal-ball" model has been used to 

describe 	such 	elastic 	scattering 	from 	collisions 	of 

reactive 	species 	and it was possible to develop a similar 

description 	for KII 	The parameters in such a model are 

the 	black 	sphere 	radius, 	ie 	the 	rance 	below which 

trajectories 	are 	swallowed -to 	disappear 	for 	ever 	as 

reactants, 	its 	opacity 	and 	the 	form 	of, 	the 	elastic 
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potential .exterior to the black sphere. 

Measurements, made on 	this system. using 	the.apparatus 

described were compared with a range of model calculations 

(9). 	Clear 	evidence- for the sudden onset of a strongly 

attractive 	- 	presumably 	coulornbic 	- potential was found 

but 	it was 	shown .that 	such electron 	transfer was not 

invariably followed by chemical reaction, even though the 

motion was substantially over the electronically adiabatic 

surface. Similar measurements, at much higher collision 

velocities 	further 	confirmed 	this 	observation 	(12,13) 

though 	they 	also 	revealed 	a 	greater 	decree of 

electronically 	diabatic 	behaviour 	as 	expected 	from the 

faster collision velocity. 
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3. 	COLLISIONS WITH ELECTRONICALLY EXCITED ATOMS. 

The 	collisions 	just 	described (and those to be discussed 

in 	the, final section) explore the adiabaticity of motion 

over 	the 	ground 	state 	surface 	of the collision system. 

Intcractions 	between 	this 	state and other electronically 

excited 	states 	at 	thermal 	collision 	energies 	are 

relatively 	sparse and usually at most one other such state 

can 	be 	substantially 	involved due to energy conservation 

restrictions, 	if 	for 	no 	other. 	reason. 	In contrast, in 

collisions 	involving 	a 	highly 	excited species very many 

exit 	channels 	are 	available 	even 	for 	collisions 	with 

thermal 	veloCities' 	and 	the 	extent 	of 	electronic 

adiabaticity 	in 	- the 	collision 	becomes 	of 	central 

importance 

The 	crossed 	beam 	technique 	is 	particularly powerful in 

studying 	such 	very 	- non 	Boltzmann 	situations 	Ic 

translationally 	cold 	collisions 	between 	internally very 

hot 	species 	since 	the 'absence of collisions in the bean 
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prevents 	equilibration. 	The lifetimes of electronically 

'-9 
excited 	species range from 10 s upwards depending on their 

coupling to the radiation field. In such a time an atom 

would have a high probability of making a collision in a 

beam target of normal density and in experiments of this 

type 	the collisions 	zone 	for 	the two beams and 	the 

excitation process would all occur 	in the same region of 

space. 	It 	is more convenient, however, to use a longer 

lived metastable species. 	Quite a number of suchstates 

are 	known 	(F), 	including 	particularly 	states of atomic 

hydrogen and 	the rare gases in which a single electron is 

promoted 	into 	an 	outer, 	s 	orbital: other species have a 

more complex 	electronic 	structure. 	The mercury atom 6 P 

states 	are a particularly interesting example inwhic1 the 

outer ,  shell 	is 	Ss 	and 	lies 6-7 eV above ground. 	The 

chemistry 	of metastable merc,ury has 	been 	extensively 

studied 	over 	many 	years, while it is also interesting in 

that 	this 	state has a permanent quadrupoic moment. 	Beams 

of 	the Hg 	6 	P states 	had 	previously been prepared by 

workers 	interested 	in 	molecular 	beam resonance 

spec.tcscopy 	(G) and although the intensities required for 

scattering 	experiments 	using crossed beams are mucF 

greater 	than 	are needed 	for 	spectroscopy this seemed a 

promising atart. 
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.Jork 	to 	develop 	suitable 	sources and detectors for, this 

species was 	begun 	in 	collaboration with Professor R. N. 

Martin 	of 	the 	University of California at Santa Barbara. 

The new devices were 	to be incorporated in the existing 

Edinburgh machine; 	while at Santa Barbara measurements of 

the 	photon 	emission arising 	from molecular systems 

colliding with the metastab.le atoms were to be studied. 

A inetastable 	beam source using a magnetically collimated, 

intense 	electron beam 	to 	excite 	a ground state mercury 

beam was 	developed. 	This 	source' used efficient oxide 

cathodes 	in 	the 	electron 	gun 	and 	capillary 	array 

structures 	to 	produce 	a 	well 	collimated atcm beam.'.It 

proved 	'reliable 	and 	stable 	in 	operation 	though 	the 

velocity 	range 	of 	the metastables 	produced'. was 	very 

limited. 	The metastable 	atoms were detected on a clean 

potassium surface 	(coated 	in 	situ) 	by 	Auger 	electron 

ejection, 	the 	ejected 	electron 	being 	detected 	via 	a 

channel 	electron 	multiplier 	and 	the 	usual 	gated 

scalers/paper tape arrangements. 	. . 

The .detector 	proved sensitive and stable in operation but 

became 	noisy 	in 	the 	presence of halogen containino 
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molecules - 	 presumably because 	of chemi-zonisation 

processes occuring 	on 	the potassium surface. 	Despite 

U.H.V. 	differential 	pumping 	for 	the 	detector 	region 

experiments with molecules of this type were difficult. 

3 .  
The Hg P 	

3 
level contains a number of discrete states P 	P 

2- 	 0 

and 	P together with their appropriate magnetic sublevels. 
Z. 

3 	. 	 -.7 
The 	P inetastable has a lifetime of 10 	s and because of 

the 	dimensions 	of 	the apparatus .could be 	entirely 

3 	3 
neolected. 	The 	P and P 	 states on the other hand 

- 	

. 	 o 	2- 

are 	11 	long 	lived. 	Calculations 	suggested that our 

electron bombardment 	source would produce each state with 

equal 	efficiency, 	though 	the 	detector would probably be 

3 
most 	sensitive to the

. 
 P 	state. 	However, especially near 

threshold, 	substantial polorisation effects can occur, and 

it was necessary to characterise the beam. A 'two wire' 

inhomogeneous magnetic field was used for this purpose and 

it was shown that all the P magnetic states were equally .  

3 
populated while 	the 	Pformed 	less 	than 	5% of the 

detected 	beam 	and 	could 	he neglected. 	In principle, it 

would have 	been advantageous 	to •conduct the scattering 

experiment 	with such a 	state 	selected 	beam but 	the 

available 	beam 	intensity was 	insufficient. 	ERperiments 

using 	this 	apparatus. thus 	populated 	several 	molecular 
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states 	of 	the 'collision 	system 	and in interpreting the 

results 	it was • always necessary to untangle the separate 

contributions o.f the various states. 

Collisions 	of 	the Hg metastable with alkali.atoms provide 

a 	good test of electronic adiabaticity since energetically 

all 	the 	discrete 	states 	of 	the 	alkalis 	together with 

- 	several 	eV 	of 	ionisation continuum are 	accessible 

Reorientation 	or 	changing collisions are also possible 

though computations (20) suggested that this process would 

be 	relatively unimportant in the potential range likely to 

be sampled in these experiments. 	 - 

Experiments 	with 	the 	alkali metals revealed differential 

cross 	sections with strong oscillatory structure - up to 

nineteen 	interference- oscillations 	being 	revealed n the 

sodium 	case 	(14,16). 	Sa/ith this detail it was possible to 

distinguish 	contributions 	from all three molecular states 

evolving 	in 	the 	collisions. 	The structure was atypical. 

supernumerary 	rainbow pattern and 	it was 	inverted 	to 

obtain 	the 	long 	range 	behaviour 	of the potentials with 

some 	confidence 	(25). 	Most interestingly- the envelcpe of' 

the 	differential 	croEs 	section 	showed 	the 	behaviour 

expected for potentials with an R range dependence. 	There 
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was no 	evidence 	for 	any 	quenching of 	the 	electronic. 

excitation 	in 	the 	collision 	region 	explored 	by 	these 

experiments 	implying 	a substantial electronic adiabicity. 

Experiments with the 	rare gasP Neon revealed a similar 

absence of 	quenching, 	though 	in this case the potential 

inversion was 	less satisfactory due to-ambiguities in the 

assignment 	of 	the 	structure 	in- the cross 	section 	to 

particular molecular states. 

In experiments with . the molecular systems N, CO and CO 

supernumerary 	rainbow structure was again'clearly visible 

enabling 	some 	potential 	'information 	to 	be 	extracted. 

However 	the 	envelope 	containing these differential cross 

sections 	fell 	off much more rapidly with' scattering angle 

-6 
than 	expected.for elastic scattering-from an R 	potential. 

These collisions wereknown to be electronically inel.astic 

(H) 	and a number 	of 	potential models incorporating an 

absorption 	term to represent the electronic quenching were 

explored. 	It 	was 	not 	possible 	to make 	an 	entirely 

unambiguous 	interpretation, 	but 	it 	was 	clear 	that 

electronically 	inelastic 	behaviour 	was occurring at long 

ranges 	on 	the 	attractive 	branch 	of 	the 	potential. 

Furthermcre, 	the 	angular 	period 	of 	the 	observed 

interference 	structure 	indicated a 	potential 	bowl much 

n 
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broader 	and more 	strongly attractive than expected for a 

dispersion 	force 	potential 	- 	possibly associated with a 

1 

contribution 	from the excited ion pair state, eg. Hg 	IN2 . 

h a s 	an unfavourable 	electron 	affinity 	at 	i t s 

equilibrium 	distance but 	this becomes markedly moTe 

favourable as the N2 	bond extends. The slow moving 

thermal Hg 	atom would provide ample time for such a 

stretch to occur in these collisions (24). 

A similar 	contrast was observed in experiments scattering 

the metastable from an unsaturated hydrocarbon propene and 

the 	saturated 	analogue 	propane. 	In 	this 	case 	the 

structure was 	insufficiently resolved to obtain potential 

information 	but the strong fall-off in scattered intensity 

with 	scattering angle, characteristic of absorption in the 

elastic 	channel was clearly visible in the scattering from 

the 	unsaturated 	but 	not 	from the saturated hydrocarbon. 

This 	change 	parallels 	the 	chemical 	activity 	of 	the 

unsaturated species in forming c:harqe transfer species. 

Thus 	in the 	systems 	studied 	the inetastable quenching 

process 	appears 	to be initiated by a suddenhange in the 

potential 	surface. 	It is tempting to identify this chanae 

in 	the 	alkali 	metal 	systems, 	with 	an 	abrupt electron 

transfer or 'harpoon' . (27) 
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4) 	INELASTIC COLLISIONS. 

As 	was 	already clear 	from the experiments 	described' 

sudden, 	substantial 	electron 	transfer frequently appears 

to 	be 	the 	initial 	step 	in. inelastic processes such as 

chemical 	reaction or 	electronic energy quenching. 	Study 

of 	the 	elastic scattering from such systems yields useful 

information but 	by no means affords the best probe. For 

this 	purpose 	an 	experiment 	with the following 

characteristics would be more suitable:. 

(1) 	 A 	collision 	velocity 	variable 	over 	a 	range 

encompassing 	at 	its 	lower 	end 	adiabatic 	electronic 

behaviour 	and 	extending 	to 	ve'loéities 	high 	enough for 

substantial 	diabatic 	effects 	to occur. 	If this diahat.ic 

behaviour 	occurs 	at 	an 1  intermolecular 	distance lc the 

recuirement will' he for velocities such that: 

time for electron to move distance Re 	
j 

time for nuclei to moveRc at Re 

For 	typical 	molecular systems a collision velocity in the 

ranae 10 	- 10 ms would be appropriate. 

(ii) 	Acollision lifetime variable about the vibrational 
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period 	of the molecule so that the role of internal motion 

in 	the 	electronic 	rearrangement 	can be explored. 	Again 

this fquiment 	depends upon the vibrational modes of 

interest but collision lifetimes from 10 -10 s 

would bracket the change from collisions slow with respect 

to vibration to those in which the molecular geometry was 

frozen during the pericd of the collision. 

A simple trajectory throughout the collision so that 

the 	range dependence of 	the process can be obtained 

unambiguously from the angular distribution. 

As 	much 	state 	selective 	detail 	about 	the exit 

species - from 	the 	collision 	as possible so as to provide 

the 	maximum 	information for 	comparison with model 

calculations. 	 . 

These 	requirements can conveniently 	be met by studying 

collisions 	between transitionally fast specie 	so that the 

required 	lifetimes 	(paragraphs 	(i) 	and 	(ii)) 	can 	be 

achieved. 	The range of interactions involved in chemical 

processes 	can then be sampled by confining observations to 

small 	scattering 	angles, 	since 	collisions scattering to 

the 	same 	value"&f—EO= collision energy x scattering-angle 

(known as 	the reduced scattering angle) can be shown to 

probe 	the 	Same 	potential 	region 	(D). 	The 	grazing 
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collisions 	required 	for 	this work then also provide the 

very 	simple, 	almost 	straight line, tra3ectories required 

for easy inversion. 	- 

Collisions 	involving molecular species at these collision 

velocities, 	corresponding 	to' energies in the 10 - 1000eV 

range had been little studied. 	In comparison with thermal 

collision energies an enormous range of exit. channels were 

open 	including 	several . ionization continua, dissociation 

and 	the 	discrete 	states . 	of 	electronic, 	and 

vibration/rotation 	excitation. 	It was thus essential to 

assess 	the 	relative 	importance 	of such proces'es before 

proceeding further with experimental work. 

It 	was 	anticipated that the electronic behaviour in these 

systems would be substantially adiabatic except in regions 

where 	several 	potential 	surfaces were in close proximity 

and 	it 	was 	possible 	to 	satisfy 	locally 	the Massey 

criterion, 16 	lhl/"j,/Pj Indeed the velocitieE planned for 

the 	experiment 	were designed to fulfill this requirement. 

On 	the 	other 	hand 	the 	resulting 	atom 	trajectories- 

described 	during and subsequent to the collision were much 

less 	easy 	to 	foresee. 	It was necessary to gain some 

understanding 	of 	these. effects before proceeding with the 
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design of, an experiment 

Molecular dynamics or Monte Carlo methods provide an 

excellent 	tool 	for 	this 	purpose 	(18,22). 	Exploratory 

computations 	were made using 	this technique 	for 	the 

typical 	system K 	+ 	I 	. 	It was found that in the 

collision 	conditions of interest, ie high velocity, narrow 

scattering angle 	and' with EO in the range suitable for 

probing 	the 	potential 	crossing 	regions, 	rather 	simple 

collision 	dynamics prevailed with almost elastic behaviour 

dominating 	the 	scattering. 	For most processes, including 

vibrational/rotational 	inelastic 	behaviour, 	it was found 

that 	a 	simple 	two-body 	description 	of 	the 	collision 

provided 	excellent 	agreement 	with 	t h el  detailed 

computations. 	There appeared,  indeed, .to be a "window" in 

the 	region 	of 	scatterino 	needed to probe the electronic 

non-adiabatic 	behaviour 	within which 	the 	collision 

dynamics were 	especially 	simple. 	This 	prediction was 

confirmed, 	as 	we 	shall 	see 	later, 	in 	the 	very first 

experiments made in this region on the K/I 	system. 

The 	experimental 	realisation 	of 	this 	program 	posed 	a 

number 	of 	difficulties.. 	The 	substantial 	collision 

velocities 	required, 	corresponding 	to collision energies 
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in . the 	50 	- 	200eV 	range, 	could 	only 	be 	achieved by,  

electrostatic 	methods, 	ie 	acceleration 	of 	the 	beam 

material 	as 	ions 	in 	an electric field'followed by their 

neutralisation 	to 	yield 	f a s t 	atoms. 	At high coll.ision 

velocities 	density 	dependent 	detectors, 	such as mass 

spectrometers, 	have 	a 	very 	low efficiency and a flux 

sensitive 	device was essential. 	The species suitable for 

use 	in the beam were thus limited to the alkali metals or 

energetic Tfletastables 	which 	could 	be 	both electrically 

accelerated 	and 	effectively, 	detected 	on 	a. suitable 

surface. 	Further 	constraints 	arose 	from 	the 	need'to 

distinguish 	the 	different -possible 	exit 	states. 	For a 

limited number of 	systems 	photon coincidence techniques 

might 	provide such 	information. 	The velocity change 

method, 	in which 	the -transfer 	of 	energy 	from initial 

relative; motion 	to internal energy can he determined from 

the .associated 	change in relative velocity is, however, a 

more 	generally 	applicable technique. 	Since ion beams can 

readily 	be modulated, the time of flight (TOF) realisation 

of 	this approach, in which the fast beam is pulsed and the 

arrival 	time 	of the scattered material recorded, appeared 

an attractive option. 

To obtain the necessary resolution using the TOF technique 
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beam gate times of the order 5 - 20 ns and a detector with 

a 	similar, or better, response time were required. 	It was 

also necessary 	for 	the 	energy spread in,the beam to be 

minimal 	(< 	0.ZeV). 	These requirements seemed feasible in 

the 	case of alkali atoms since surface ionisation provides 

a 	copious 	source of ions on an equipotential surface with 

an energy 	spread expected 	to be limited to the surface 

temperature. 	 The 	experimental 	concept was 	thus 

substantially 	symmetric 	with 	the sequence surface 

ionisation/acceleration/neutrajjsatjon/colljsxon 	region/ 

flight region/surface ionisation detector. 

Estimates •of 	the - expected 	signal rate for an experiment 

with 	this 	configuration 	indicated 	that 	extremely 	long 

counting 	times would be required. 	This was in part due to 

the unfavourable duty 	factor 	associated with the TOP 

technique. 	A narrow pulse 	is required to obtain the 

necessary 	energy 	loss 	resolution but its repetition rate 

must 	be 	low 	to 	avoid scrambling the various energy loss 

processes 	expected. 	In 	certain 	circumstances 	cross 

correlation 	techniques 	(I), 	in which 	a 	50% mark-space 

random word modulation 	is 	imposed on the beam, can be 

used. 	However, 	such 	a 	strategy 	is 	not 	effective i.n 

recovering 	small 	inelastic 	signal 	peaks 	adjacent 	to a 
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larger 	peak 	ie exactly the type of signal expected in the 

proposed 	experiment. 	An alternative 	strategy was 

therefore 	adopted making 	better 	use -of 	the density in 

phase 	space 	available 	to 	the. experiment 	by 	velocity 

modulating 	the fast beam, with this technique duty factors 

of 	around 	50% could. be  achieved. 	It was also possible by 

an 	extension of 	this 	technique 	to 	reduce 	the noise 

background 	in 	the 	time regions 	of 	interest 	in 	the 

experiment (29). 

The 	data 	collected 	by 	this type of experiment is highly 

struc.ture1 	since 	observations are made with cross beam on 

and 	off and as a function of scattering angle, energy loss 

and 	collision energy. 	Collecting such data is a difficult 

and 	error 	prone . task 	that must be carried out for many 

hours 	(if count rates are low) while the comp1exity of the 

data makes 	it impossible to provide much feed-back to the 

experimenter on the progress of the experiment. 

In 	this, situation 	a real time computer interfacedto the 

apparatus 	can be extremely valuable in both collecting the 

data, 	controllin.g the experiment and providing informatIon 

eg 	time 	of 	flight 	spectra, 	angular 	variation, 	beam 

stability 	etc 	to the operator so that the performance can 
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monitored 	and 	optimised. 	This 	system 	is 	a 	natural 

extension 	of 	the non-interactive paper-tape data logging 

system used 	in''the previous experimentswhich could only 

provide such 	feedback after completion of the experiment 

and subsequent. off-line processing of the paper tape. 

A 	system 'of 	this type including a susbstantial degree of 

automatic 	control 	and error detection was developed (23). 

The system, operated in a concurrent foreground/background 

mode 	with 	the background process 	providing 	for 	the 

continuous monitoring and control of the experiment. 	The 

foreground 	process 	interacted with 	the 	exptrimenter to 

provide 	various 	."updat.ed 	displays 	of 	the 	data 	and 

ptrformance of the apparatus. 

The 	first 	scientific experiments with this apparatus were 

made °  on 	K/I 	, the system which had previously been the 

subject 	of 	a 	computational study. 	The measurements were 

initially 	of 	the 	total 	differential 	scattering 	cross 

section 	(13,21) 	but 	separate 	ohsrvations 	of 	the 	TOF 

spectra 	(32) 	showed that the scattering was> 98% elastic 

(with 	zero 	energy 	loss), 	in 	e:cellent 	accord with the 

model compu tat ions 

/ 
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The angular 	dependence 	of 	the elastic cross 	sections 

revealed a sequence of 	supernumerary rainbow peaks,in 

41 
excellent 	agreement 	with 	those 	predicted. from 	the K/I 

potential 	obtained 	from 	spectroscopic 	data. 	. The 

experiment 	thus 	provided the most direct evidence for the 

electron 	harpoon 	mechanism in . these collisions and 

confirmed 	that the dynamics were substantially two body in 

this 	scattering 	region 	as predicted by the computations. 

The 	overall 	envelope 	of the differential scattering was, 

however, 	substantially 	different 	from that expected from 

the 	K 	I. potential 	alone, 	indicating 	a significant 

electronically diabat ic contr ibut ion. 

The 	comparison of 	these 	results, which were almost 

entirely 	elastic 	in 	the neutral exit channel, with those 

observed 	in 	the Ar metastable halogen molecule collisions 

(26) 	is 	particularly 	striking. 	The 	roetastable 	atom 

produces 	substantial 	electron 	excitation 	of thehalocen 

molecule. 	This 	difference 	in 	behaviour 	is probably a 

coneauence 	of 	the 	very 	different 	location 	of the ion 

pair 	potential 	surface 	relative to the excited states in 

the two systems (32). 

The 	irnpertance 	of 	the 	ion pair 	surface was 	further 
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highlighted 	by 	preliminary 	experiments with alkyl halide 

molecules 	(28). 	Again there was a sharp contrast with the 

halogen molecule scattering and numerous discrete energy 

loss processes 	involving both atomic and molecuFar states 

were 	observed,a difference as marked as that displayed in 

the 	reactive channel 	of 	these systems which display 

stripping and recoil dynamics respectively. 

The 	richness of. the TOP 	spectra . observed in the alkyl 

halide systems suggested 	that 	these methods would be 

especially 	informative 	in 	these 	sytems and a systematic 

study - covering 	a range of collision energies and molecule 

species was undertaken. (30) 

The experiments 	in this programme confirmed the important 

role 	of 	the "ion pair" state.in  these collisions. 	It was 

found 	that 	the 	observed 	processes could be divided into 

two 	classes. 	The first group comprised all those states 

that 	could 	be accessed 	via 	an 	ion pair in the ground 

state. 	These channels included electronic excitation of 

the 	potassium atom and vibrational excitation of the alk,yl 

halide. 	Narrow angle onsets and vibrational energy losses 

increasing with 	the 	collision lifetime were seen. 	These 

observations were consistent with a mechanism involving 
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two 	successive 	electron 	transfers, into the molecule and 

then back 	to 	the potassium atom. 	The passage of the 

potassium ion between the two electron transfer points 

then, 	via the collision velocity, provided a stop—watch on 

the 	evolution of 	the molecular 	negative 	ion. 	Some 

information on 	the negative 	ion 	potential in-the alkyl 

halide molecules 	is 	available 	(for 	configurations near 

that . of 	the neutral molecule) and it was possible to make 

a 	ölassical 	model 	of 	the 	processes. 	In . its 	full 

complexity such a model can include all the processes of 

importance 	via 	"surface hops" at the potential crossings. 

A model 	of 	this 	type has been developed (33) and it was 

shown 	that 	the 	region of the potential surfaces explored 

differed 	from 	that 	covered 	in 	thermal bollisions, most 

notably because the C—X bond stretch was restricted by the 

short 	collision 	lifetime. 	To 	a good approximation, as 

expected 	from the 	earlier dynamical study the motion can 

be well 	described as a sequence of independent two body 

processes. 	With 	this simplification computationis much 

quicker, 	a range of potential surfaces can be explored and 

it 	was 	possible 	to derive a model. for the system ingood 

quantitative 	agreement 	with 	the observed cross sections, 

energy 	losses 	and 	other 	potential data available. 	Most'- 

	

-notably 	it 	was 	found 	that 	the 	K 	ion 	considerably 
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perturbed 	the CHI making the Zar orbital occupied by the 

transferred 	electron 	markedly 	less 	anti-bonding 	in 

character. 	It was also-possible to estimate the relative 

orientation 	dependence -of the initial harpoon, collisions 

with 	the 	I 	end providing 70% of the inelastic behaviour 

( 36 ) 

The assignment of 	the higher energy loss processes was 

more 	difficult 	because of thelarge density of states but 

comparison of observations on different - molecules CHI S  

CH 7 I, 	C! 3 !, 	CH 3 CI 	etc. 	with high 	energy electron 

scattering 	enabled 	a 	tentative 	assignment 	to 	be made. 

Again 	it was 	found 	(34) that an electron exchanoe could 

account 	for the observations, though now the orbitals into 

which the molecule captured the electron and from which an 

electron was 	subsequently recaptured were different. 	The 

nature 	of 	this 	intermediate 	state - an excited negative 

ion/resonance - is now less clear. 

Intriguingly 	the 	energy 	loss of some processes, observed - 

only 	in 	the methyl containing molec-ules, was seen to vary 

rapidly 	with 	collision 	lifetime. 	This variation and the 

limiting 	energy 	loss 	seen 	in 	fast 	collisions 	were in 

agreement 	with estimates 	for 	excitation 	in 	the methyl 
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group via an electron 	resonance 	in the C-H ant ibonding 

orbital 	(31,34). 	Further 	work is now in progress using 

deuterated compounds to explore this conecture: 

The collision systems KIN, which 	is non reactive at 

thermal 	energies, 	is of particular interest since 	it has 

been 	extensively 	investigated in the past by a variety of 

techniques. Most importantly in elucidating the dynamics. 

ar& recent molecular beam measurements on theNd( 2P)/N 

channel .(J) and ab initio computations for the potential 

surfaces 	operating 	(K). 	The K/N system is particularly 

favourable 	for TOF 	investigation since the N molecular 

states are well separated from those of excited potassium. 

Experiments 	with 	these species 	showed 	considerable 

inelasticity 	in 	the K4 2P/NV=3 exit channel in agreement 

with classical model calculations using the known N 2  and 

/ 
N 	potentials 	(L). 	It was found that the considerable 

vibrational 	N,. 	excitation 	produced 	concurrently 	with 

electronic 	excitation 	of 	the K atcm was a very sensitive 

function 	of 	these 	potentials sothat this "no parameter" 

fit 	was especially satisfying.(35). 	In distinction to the 

a.lkyl 	halide 	systems, 	however, no concurrent vibrational 

inelasticity 	corresponding 	toelectronically 	adiabatic 
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'7 

motion at both the 	inward and outward crossings was 

observed. 	This 	observation can be accounted for if the 

crossing 	probability 	decreases 	very 	sharply with 

I 
distance. 	Unfortunately 	the N1  and N, 	potentials yield 

identical 	(within experimental resolution) predictions for 

the 	analogous 	processes exciting as 3(4. P in the collision 

energy 	range explored so far. 	Further experiments over an 

extended 	energy 	range 	are required 	to confirm 	this 

inter pr eta t i on. 

To complete 	this 	series,  of 	experiments the system K/SF6  

was studied as 	an 	example of 	a system reacting 	via 

collision 	complex 	dynamics 	at thermal energies, again it 

was 	believed 	as a result of an initial electron transfer. 

The 	involvement 	of 	such an electron transfer had been 

supported by 	observations of ion production in these 

collisions. 	The 	cross 	section 	for 	this process rises 

rapidly 	from threshold and shows strong coupling with the 

vibrational 	excitation 	initially 	present 	in 	the 

molecule. 

The 	interpretation of TOF experiments is more difficult in 

t h i s 	system 	since substantial vibrational excitation, and 

ambiguity 	as 	to 	vibrational 	or electronià assignment of 
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the 	observed 	ene.rgy 	losses 	are 	possible. 	The observed 

inelastic 	processes at 2.4 and 4.3 eV were, however, close - 

to. those 	calculated 	from •the 	estimates 	of the SF /SF 

2. 
potentials 	for scattering 	in 	the 4 S and 4 p potassium 

states. 	Quite small adjustments to the long range form of 

the SF& 	potential could produce excellent agreement with 

• observations and 	it 	seems very probable that an electron 

exchange mechanism 	is again responsible for the collision •  

• 	dynamics.(37). 	 . 
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QUARTERLY REVIEWS 

THE APPLICATION OF MONTE CARLO METHODS TO 
PHYSICOCREMICAL PROBLEMS 

by M. A. D. FLUENDYf and E. B. SMITh 	- 

(PHYSICAL CHEMTSTRY LABORATORY, OxFoIw UNIVERSITY) 

Wini the advent of fast electronic computers the Monte Carlo method has 
become a powerful tool  in the hands of the theoretical chemist. Based on 
random saripling, it can be used to solve complex problems for which 
analytical methods are powerless, with an accuracy limited only by statis-
tical considerations. In many physical problems the basic elements of the 
calculation may be fully understood but the general.complexity prevents 
solution by standard means. For such problems the Monte Carlo method is 
particularly appropriate, whereas for simple calculations it is generally 
inefficient. As yet no general review of the applications of the method to 
problems of chemical interest has been available Monte Carlo techniques 
have been used with some success in, three fields of particular interest to 
chemists, and these will be reviewed separately: (1) the properties of dense 
gases, liquids,, and solids; (2) the- configurati'on of macromolecules; and•. 
(3) order—disorder phenomena. In each of these the appropriate analytical 
theories will be surveyed and their conclusions compared with the results 
obtained by Monte Carlo methods. The Monte Carlo methods to be 
described generally involve the simulation of physical systems (in a purely 
mathematical sense), and the method is not markedly different, in principle, 
from the physical simulation of such systems. There have been frequent 
attempts to use physical models as molecular analogues in order to obtain 
a better understanding of molecular processes and the structure of matter. 
Ball bearings, seeds, and similar objects' have all been used to study the 
distribution of molecules in liquids and metals, though, because of the 
practical difficulties, much of the work has been confined to, two dimen-
sions. Morrell and Hildebrand,' however, constructed a' model' liquid by 
means of gelatine balls, hardened by chemical treatment, in a matrix of 
liquid gelatine of the same density. The "molecular" distribution in this 
liquid was very similar to that observed in,real liquids by X-ray diffraction 
studies. 

Present address: Department of Chemistry, University of California, Berkeley 4, 
California. 

1 W. E. Morrell and J. H. Hildebrand, J. Chem. Phys., 1936, 4, 224. 
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The Monte Carlo Method2' 3 

The difficulty of devising appropriate mechanical models has severely 
limited the value of physical simulations of molecular systems. However, 
the availability of fast electronic computers has made it possible to design 
calculations involving essentially the same approach. The Monte Carlo 
technique is, in its essential and simplest form, an experimental study of a 
mathematical model of some physical process. Thus, if we wished at a 
game of chance t estimate our probable losses due to the "house percent-
age," we could proceed in several ways. The simplest, but probably most 
expensive, would be a direct appeal to experiment; as an alternative we 
could attempt to analyse the statistics of the game and perform a direct 
calculation. For all but the simplest games this would be prohibitively 
difficult. In such a case the statistical approach of the Monte Carlo method 
may be applied. From our knowledge of the rules of the game we can 
construct a directly analogous mathematical scheme, using random 
numbers to represent the fall of dice or the distribution of playing cards. 
We can then "play" a large number of games until the average house 
winnings converge, as closely as desired, to a steady value: the house 
percentage. With the aid of a fast electronic computer this apparently in-
efficient method may produce a satisfactory result in a comparatively short 
time. The Monte Carlo method involving such sampling procedures can 
be applied to a very wide range of problems. A trivial but instructive 
example is the integration, 

P ff(x)dx. 

By choosing N specific values of x (x 1, x 2 . . . x. . . x,,,) at random we can 
compute 

5' 

The accuracy of the estimate 5' of  9 will depend on both the number of 
samples of xj  cOnsidered and on the nature of the function f(x). For 
example, if we wish to estimate 5' = 9 + E, with 95% certainty, the number 
of samples required (N) is given (when N is large) by 

N = 384 var ()/2 

The variance, var (j),  is defined as 

var(9) =['f(x)2dx92].. 

8  Monte Carlo Method, U.S. Dept. of Commerce, National Bureau of Standards, 
Applied Maths., Vol. XII. 

Symposium on Monte Carlo Methods (1954), University of Florida, John Wiley 
and Sons Inc., New York. 
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be efficiency of the method in the solution of any given problem will 
epend on the variance, and the key, to the use of the Monte Carlo method 
the devising of sampling schemes which will produce a small variance 

nd so converge rapidly. Basically most methods of variance reduction 
resuppose some approximate knowledge of the final answer so that each 
ample may be classed according to the size of its contribution. Samples 
re chosen, not at random, but from some other probability function which 
nowhere zero and varies so that the probability of picking a sample is 
eatest in the region of most importance. Samples selected in this manner 

re weighted (by the inverse probability of selection) to obtain an unbiased 
inal value. 
An example of both the Monte Carlo method and of the power of 

ariance-reduction techniques in a very simple case is the determination of 
he area ofa quadrant of a circle (Fig. 1). The simplest way would be to 

?iG. I. Quadrant of a circle, of which the area can be determined by both Monte Carlo 
and variance-reduction techniques. 

ample pairs of x j  and y.random1y from 0 to 1, estimating the fraction of 
otal points within the quadrant by using the condition: 

[he ratio .of such samples to the total number would give the area. In this 
ase the variance may be shown to be 0171N. A superior method would 
nvolve sampling only x randomly from 0 to 1 to evaluate the integral 

'(1 - x2)dx 
• 	

- Xj). 

[he variance is now 

var ()) =[;{ (1 - X2)dX - (/4)2] = 0051N. 

I•0 

N. 
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This method would be three times as efficient as the previous one if th 
computing time per iteration were unchanged—an assumption which is m 
more than approximately true. Had only those points lying.above the 1, 
diagonal been considered, and the area of the segment been estimated, 
variance as low as 001 5/N could be obtained. In more complicate 
problems even greater savings can sometimes be attained. The evaluatioi 
of a simple integral of this type would never be carried out by a Mont 
Carlo method since, even if an analytical procedure were unavailable, 
systematic numerical quadrature would be very much more efficient 
However, for multiple integrations of four or more dimensions the Mont 
Carlo method is usually more powerful. 
• The Monte Carlo method has been used in two somewhat different type: 
Of problem. The first class comprises those problems to which, in principle 
a numerical method could be applied but is impracticable owing to corn 

• putational difficulties. High-order multiple integrations are a typica 
example. The second type-of application is in the solution of statistica 
problems for which no concise mathematical formulation is available bu 
only a set of rules for forming a population from which samples may hi 
drawn. In the physical world there are many problems for which a gooc 
conceptual model of the individual events is available but in which thi 
complex statistical nature of their interactiOns. 4  precludes any simpli 
solution. This situation is particularly common in chemistry ,  where thi 
behaviour of dense gases and liquids, the structure of polymers, and order-
disorder phenomena in the solid state and many similar problems havi 
defied any quantitative understanding.. The Monte Carlo method cai 
therefoze be expected to find considerable appliôation in chemical problems 
The remainder of this.,Review is concerned with the.several attemptstha 
have already been made to use Monte Carlo: techniques. to solve sucl 
problems. The three main areas are discussed separately. The recen 
applications of the method to the theory of absolute reaction rates an 
also reviewed.  

The States of Matter,  

• One of the most general problems which occur in. physical chemistr 
is the evaluation of bulk.properties of matter in terms of the, forces actin 
between - molecules (and vice versa). The problem in general cannot bi 
solved; thus noadequate theoretical prediction- of the properties of liquid: 
or dense gases is possible. In the first place, we lack precise knowledge o 
the forces between molecules. The Lennard-Jones intermolecular potentia 
is generally considered adequate for the inert gases but it is an over 
simplification when applied to more complicated moleëules. Nevertheless 
even if an accurate knowledge of the forces between molecules weri 
available, the major difficulty would still remain, that is, the purel 
statistical problem of accounting for the mutual interactions of largi 
numbers of molecules. The properties of a '-molecular system can hi 
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pressed in terms of the partition function which, for a classical system, 
givenby - 

	

1 	1 
ZN 	.. . . JexP( —  E/kT) dq1 .. . dq,dp 1.....dp, 

rhere p and q are the conjugate, momenta and co-ordinates. The contribu-
on o1 the kinetic energy can be evaluated by direct integration, but the 
ontribution of the potential energy is not so easily evaluated. The so-
ailed configurational- integral may be written: 

	

QN 	N!
J.. 'JexP[_ U(q)/kT] dq 1 . . . dq,, 

,here U(q) is a function of all co-ordinates. As, in general, this integration 
annot be performed, most theories attempt to simplify it by approximating 
he relation between the potential energy of the system and the co-
irdinates of the molecules. Thus the potential energy might be expressed 
s a function of the co-ärdinates of a few molecules only. The derived 
hermodynamic properties are valid only so far as the initial assumptions 
re valid. 
Two such approaches are of particular interest. At low densities the 

quation of state of a gas can be expressed in terms of a series of virial 
oefficients 

PV/RT=1 + B(T)/V +.C(T)1V 2  + ...... 

'he second virial coefficient, B(T); is related to the relative co-ordinates of 

	

wo (spherically 	symmetrical) molecules by the equation 	- 
co 

B(T) = - 27rNJ[exp (- U(r)/RT) - 1]r2dr, 

vhere r is the separation of the molecular centres. If the variation of the 
ntermolecular potential energy U(r) with r is known, B(T) can be evalu-
ted. At high densities the cell (or free-volume) theory has been used 
xtensively with moderate success. A reference molecule is considered to 
nove in a potential field produced by its neighbours which are assumed to 
e fixed on lattice sites. The method is not very satisfactory for liquids but 
has been the basis of a large amount of research. 
The Monte Carlo method differs fundamentally from theories of this 

ype as no attempt is made to simplify the configurational integraL If-the 
brces acting between molecules are known it is possible to sample the 
onfigurations of a large number of molecules and so evaluate the con-
igurational integral with an accuracy limited only by statistical considera-
ions. The assumption of the pairwise additive nature of the intermolecular 

I. Z. Fisher, Soviet Physics Review, 1960, 2, 783. 
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energy is an approximation common to most analytical and Monte Car] 
methods. The, simplest type of Monte Carlo procedure would sample ti 
configurations generated by a number of molecules placed at random in 
regular volume.5  The total energy of the system could be calculated from 
knowledge of the form of the intermolecular potential, enabling eac 
overall configuration to be weighted by the appropriate Boltzmann facto 
The value of any equilibrium property can then be obtained by averagir 
over sufficient .configura Lions. The limitation -  of - this= approach is tha 
except at the lowest densities, any randomly constructed molecuh 
distribution is likely to be an extremely improbable one. Thus, in the ca 
of hard-sphere molecules, an acceptable non-overlapping configuration 
almost impossible to generate by this method at densities greater than tho 
appropriate to the dilute gas. 

The Monte Carlo method of Metropolis, Rosenbluth, Rosénbiuth, TeHe 
and Teller. 6—A more powerful method was dçvised by Metropolis et a 
The molecules are confined to a rectangular or cubic space by period 
boundary conditions which in effect give rise to an infinite space made up 
Unit translations of the basic cell. It is considered that at least 32 or ( 
molecules in the basic cell are required to give an adequate picture of ti 
condensed states of matter. Initially the molecules are distributed on 
lattice and new configurations are generated by moving one molecule at 
time. In the case of hard-sphere molecules the theory takes a particular: 
simple form. If a move were such as to cause an overlap, the potenti 
energy would be infinite and the new configuration of the system wou] 
have zero probability and need not be considered. In 'such a case the systel 
is returned to its original configuration. However, all configurations whip 
do not involve overlapping molecules are equally probable and contribu 
to the final average of any .  property. Each acceptable configuration \\ 
analysed  in terms of a pair distribution function,g(r), of the molecules. Th 
function defines the number density of molecular centres at a distance 
from a reference. molecule. Thus the number of molecular pairs which ai 
separated by a distance r is (N 212 V)g(r)4irr'dr. After many configuratiot 
have been analysed the average pair_distribution function is used to ca 
culate the thermodynamic properties in the usual manner. Thus, for hat 
spheres, 

PV/RT = 1 - (27T/3V) [g(a)a3], - 

ivherè a is the diameter of the molecules and g(a) is the pair distributic 
function evaluated at the point of contact. 
• This method represents a great advance on the simple technique fir 
described, in which molecules are introduced  randomly into an appn 
priate space. In place of a series of independent samples, each weighte 

'B. J. Alder, S. P. Frankel, and V. A. Lewinson, J. Chem. Phys., 1955,23,417. 
6 Metropolis, Rosenbiuth, Rosenbiuth, Teller, and- Teller, J. Chem. Phys., 1953, 2 

1087. 
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y the appropriate Boltzmann factor, this method generates new conflgura-
ions in such a way that the probability of their occurrence is proportional 
:0 the Boltzmann factor and then weights all configurations equally. This 
orresponds to the generation of a Markov chain with constant transition 
3robabilities. 7  Since the outcome of any trial 'is not independent but 'de-
,ends on the outcome of the trial immediately before it, the probability of 
onflguration Ek is no longer associated with a fixed probability Pk,  but to 
very pair Ej,Ek  there corresponds a conditional' probability PIa•  Thus if 
E occurs then the probability that Ek  follows is Pja-  The various probabili-
:ies form a matrix of transition probabilities. A series of trials obeying 
;tatistics of this form is called a Markov chain. The absolute probability 

of state Ek  after n steps starting from E5  can be expressed 

= >aj pJ(n), 

I 

vhere a3  is theprobability that E, occurs in the initial trial. ak ( t2) should be 
ndependent of a, if n is large. This is the case if p,a(t2) converges to a finite 
imit independent of f. This is usually so if no periodicities occur. States 
vhich have a mean finite recurrence time but are not periodic are called 
rgodic states, and for a stationary distribution to occur all states must be 
rgodic. All such states can be attained from eyery other state. For such 
isystem there is a stationary distribution which is unique and tends, as n 
lets large, to become independent of the initial state. 

In a classical molecular system each state occurs with a frequency 
roportional to the Boltzmann factor for that state.. The commonly used 

:ransition probabilities are given by : 

Pik = AJk 	 UU 

=A, k exp[—(Uk—U,)/kfl; 	Uk>U,J 

Pjj = 1 -- 
j,k 

45k is only non-zero when the two states differ only in the co-ordinates of 
ne molecule. A further restriction is that A 5 ,, is zero if the move is such as to 
ake the molecule a distance greater than that defined by an arbitrary fixed 
)arameter, a condition which is includedio increase the probability that 
noves will be acceptable. This parameter determines the rate of con-
,ergence of the method but not the final average. In the case of hard 
;pheres the above conditions reduce to 

U,,=O; 
p5 ,, = 0; 	 U,, = cc. 

W. Feller, "Probability Theory and Its Applications," John Wiley and Sons Inc., 
lew York, 1950, Ch. 15. 

6  W. W. Wood and F. R. Parker, J. Chem. Phys., 1957, 27, 720. 
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The theory, together with many computational details, has been given b3 
Wood et at. 8 ' 9  

Molecular Dynàmics.---The Monte Carlo method of Metropolis et al. i 
concerned only with the equilibrium properties of molecular systems, án 
the moves which the molecules undergo are not associated with real tim 
but only with an arbitrary computertime. However, it is possible to solv 
with any required accuracy the simultaneous classical equations of motiot 
of a number of molecules—this explicit simulation technique has beet 
called molecular dynamics.'°" The molecules are again confined to cubic 
or 'rectangular boxes by periodic boundary conditions. To start with, th 
molecules are given equal kinetic energies with velOcities in randon 
directions, and after each collision the new velocities of the interactiOf 
molecules are calculated. The number of collisions as a function of time 
and the sum of the momentum changes, are recorded to enable the colli 
sion rate and the pressure to be evalUated. This extension to transpor 
properties represents agreat advance in simulation techniqUes and enable 
a wide range of problems of a kinetic nature to be tackled. 

Hard-sphere Systems.—Hard spheres exerting no attraction on cad 
other are the simplest type of molecular model; consequently the proper 
ties of systems of such molecules are Of particular interest. The potential i 
defined 

	

- 	 U(r)=ci;ra; 

	

• 	 U(r)= O;r>a; 

where u is the collision diameter of,  the molecule. Before simulatioi 
calculations were undertaken it was a matter of contróvôrsy whether sUc 
systems could uñdergq phase transitions. The majority of studies havi 
involved thard sphere molecules in two or three dimensions.*12_15  Fig. 
illustrates the MOUteCarlo equation of.state, for three-dimensional hard 
sphere systems and those predicted by various theories. Not unexpectedl: 
the virial expansion provides an adequate model for the 1ow-densit 
results, whereas the cell theory is in poor agreement at all except the ver' 
highest densities. The most interesting feature of the Monte Carlo result 
is the phase transition which is observed in hard-sphere systems. Th 
transition is between the fluid and the solid phase and, despite the absenc 
of-attractive forces, both phases are well defined. The Plate illustrates th 
change in the molecular motions in a system of hard spheres that ha 

* "Two-dimensional hard spheres" are more properly Called hard discs. - 
W. W. Wood and J. D. Jacobson, Proc. Western Joint Computer Conference, Sai 

Francisco, California, 1959, p.  261. 
'°T. Wainwright and B. J. Alder. Nuovo Cimento Suppl.. 1958,6. 116. 
" B. J. Alder and T. W Wainwright, J. Chein. P/i vs., 1959, 31 459. 
xv  M. N. Rosenbiuth and A. W. Rosenbluth,J. Chem. Phys., 1954, 22, 881. 
"W.W. Wood and J. D;-Jacobson, J. ('hem. Phys., 1957, 27, 1207. 
11 B. J.Aldr and T. Wainwright, J. ('hem. P/i vs., 1957, 27, 1208. 

• 15 B. J. Alder and T. Wainwright, J. Chem. Phys., 1960, 33, 1439. 
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pontaneously undergone a transition from the fluid to the solid phase 
vith no change in. density. The photographs were obtaine'd by following 
he molecular trajectories for 3000 collisions, and using the method of 
riolecular dynamics. Hard-sphere systems undergo no gas—liquid transition 
.nd behave like substances above their critical temperature. The simplest 
brm ofintermolecular potential to give rise to all three states of matter is 
he square-well intermolecular potential which allows. for molecular 
Lttraction. 

I.... 

/ 	H 
v/I/o  

FIG. 2. The equation of state for hard-spherical molecules. The unlabelled solid curves 
represent the results obtained by molecular dynamics for system of 108 molecules. 

V 0  is the volume at close packing. The discontinuity at Vi V 0  155 is the fluid1-solid 
phase transition. The predictions of various analytical methods are labelled: F, free-
volume theory; V. virial expansion; S. superpoSition theory. Other symbols: +. mo-
lecular dynamics for 32 molecules; 0 Monte Carlo results of Wood and Jacbbson; 13  
• Monte Carlo resultsof Rosenbluth and Rosenbluth." 

(Reproduced, by permission, from ref. 13.) 
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Monte Carlo calculations have also been made, on binary mixtures 
hard-sphere molecules with a radius ratio 5:3.16  Preliminary results showe 
that such systems undergo a contraction on mixing, and a feature of tF 
results for such mixtures is that the cell model is found to be a somewh 
better approximation when used to predict changes on mixing than whe 
applied to the pure components. Further work is under way. Up t 
moderate densities the initial configuration of the mixture can be generate 
by distributing the two species randomly in a lattice. At high densities th 
problem of generating initial configurations is severe and special technique 
are required involving a gradual expansion of the radii of,the molecules) 
At these densities the results indicate that transitions between certain type 
of configuration become very improbable and the total number of state 
may be effectively divided into more than one 5lass betwecn which trãnsi 
tions are extremely improbable. Wood, who has called this the quasi 
ergodic problem, has pointed out that under these conditions spuriou 
results will be attained. 

The method of molecular dynamics has been applied to hard-spher 
systems, and the equilibrium properties obtained agree well with the mor 
recent Monte Carlo calculations. The phase transition was studied an 
found to be absent in systems of four or less molecules.. Even with 50( 
molecules the two phases did not exist in the system simultabeously. Th 
fact that more than four molecules must be involved makes it unlikeF 
that the transition can be studied by analytical means. A full investigatioi 
of the dependence of the general thermodynamic properties on the numbe: 
of molecules in the system has been made. 15  Thirty-two molecules give 
reasonably adequate prediction of the equation of state in the fluid regiot 
whereas at least 64 molecules are required at higher densities. An interestinl 
feature of the results was the speed with which the Maxwellian velocit3 
distribution was attained. Whereas configurational distributions, arc 
modified only very slowly, the equilibrium velocity distribution is reachec 
after 2-4 collisions per molecule. The equilibrium collision rate is given b3 
the Enskog theory with considerable accuracy at all densities, 18  but thh 
theory gives the self-diffusion coefficient correctly only in the fluid region 
The exact results which have become available for this simple moleculai 
model have already provided a stimulus to the development of analytical 
theories. Recently a new theory has been developed's which enables the 
equation of state of hard-sphere systems to be predicted with an accuracy 
never before attained. The use of the exact hard-sphere results as a basis foi 
perturbation treatments of more realistic forms of intermolecular potential 
has also proved valuable. 20  

16  E. B. Smith and K. R. Lea, Nature, 1960, 186, 714. 
" W. W. Wood, personal communication. 
18  J. 0. ,Hirschfelder, C. F. Curtiss, and R. B. Bird, "Molecular Theory of Gases and 

Liquids," JohnWiley and Sons Inc., New York, 195'+, p. 634. 
19  H. Reiss, H. L. Frisch, and J. L. Lebowitz, J. (hem. Phys., 1959, 31, 369. 20 E. B. Smith and B. J. Alder, J. Chem. Phys., 1959, 30, 1190. 
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The phase transition in hard-sphere systems. The traces were made by a succession of 
positions in a 32-particle hard-sphere system as determined by the method of molec-
ular dynamics. 3000 collisions (a) in the liquid phase, and (b) in the solid region. The 
solidification has taken place spontaneously as both systems are under identical 
conditions (V/V 0  = 1525). 

(Reproduced by permission from Alder and Wainwright.") 

Lennard-Jones Molecules.—The success of the method of Metropolis 
et al. with simple molecular systems led to its application to a more 



252 	 QUARTERLY REVIEWS 

realistic molecular model. 8  The Lennard-Jones intermolecular potenti 

U(r) = 4e[(a1r)12  — ( cr/r)6 ] 

has been,  shOwn to be an adequate basis for the interpretation of th 
properties of the inert-gas molecules. The details of the calculation ar 
somewhat different from that designed for hard-sphere systems. Any cor 
figuration j is changed to configuration k by moving one molecule. Th 
potential energies U, and Uk  are then evaluated; if Uk  < U, the new cot 
figuration is accepted. If U> U, then exp [— (U, - U5)1kT] is compare 
with a random number between 0 and I, and, if the exponential is largei 
the new configuration is accepted. If the reverse is true the original cot 
figuration is retained. These conditions make the probability of any con 
figuration proportional to its Boltzmann factor. Because of the compara 
tively long-range nature of the Lennard-Jones forces the effect of distan 
neighbours was approximated in two ways, first, by assuming a lattic 
distribution and, secondly, by assuming a uniform distribUtion. The latte 
method proved satisfactory in most cases. The total potential energy a 
any configuration is estimated (for pairwise additive potentials) by 

U = 	U (ri,). 

ij 

The average potential energy over the Markov chain length gives th 
excess internal energy of the system. The'excess heat capacity is calculate 
from the relation 

CE/R = N[<(UINkT)2>av  - (U/NkT) 2 ] 

and the equation of state from computations of the pair distribution func 
tion g(r) 

00 

.PV '2N2 fg( r)  du 	- 
I 	 ( 	r3dr. 

3NkT 
 

The thermodynamic properties were, calculated for Lennard-Jone 
molecules at the reduced temperature kT/e = 274 and over a wide range a 
density to enable a comparison to be made withthe experimental result 
of-Michels et á1.' and Bridgman 22  for argon at 55 0c. Systems containinl 
32 and 108 molecules were studied and the results for both numbers wen 
in good agreement. By using the potential parameters e and u, determinec 
by Michels from a study of the second virial coefficient of argon, a corn 
parison of the Monte Carlo and the experimental resUlts can be mad 
without the introduction of any adjustable parameters. As illustrated b3 
Fig. 3 the Monte Carlo results and those of Michels from 150 to 2000 atm 

23 A. Michels, H. Wijker, and H. Wijker, Physica, 1949, 15, 627. 22  P. W. Bridgman, Proc. Amer. Acad.Arts Sc!., 1935, 70, 1. 	 - 



FLUENDY AND SMITH: MONTE CARLO METHODS 	 253 

re in excellent agreement but a discrepancy is evident between the 
alculations and Bridgman's results from 2000 to 15,000 atm. This may be 
tie to the inadequacy of the Lennard-Jones intermolecular potential at 

P-V 
RT 

v/v.  

IG. 3. The equation of state of a system of Lennard-Jones molecules. The crosses repre-
sent the Monte Carlo results. The upper solid curve represents Bridgman's results for 
argon at high pressures, and the lower one Michel's measurements up to 2000 atm. 
The broken curve is based on the results of the cell theory and the triangles on the 
superposition approximation. The discontinuity at VI V 10 is the phase transition 
V is defined as (v'2)Nc3,  where o is the collision diameter. 

(Reproducedwith permission from Wood and Parker. 

ugh densities or to the fact that the pairwise additive potential approxima-
ion is no longer valid. However, the facts that the Monte Carlo results 
)rovide a better continuation of Michels's results (whereas there is a dis-
:ontinuity between these and Bridgman's), and that Bridgman's results for 
uitrogen, reported in the same paper, have disagreed with more recent 
quation-of-state determinations, suggest that the Monte Carlo results may 
e more accurate than the experimental results at high densities. 

Order-Disorder Problems. 

Many physical and chemical problems involve order-disorder processes 
)n lattices. Superlattice transitions in alloys and the various co-operative 
:ransitions in many solid compounds are common examples. A theory of 
egular solutions has also been developed by using a lattice model: The 
leneral theory of order-4isorder  processes is appropriate to many similar 
,henomena. 23  

13 E. A. Guggenheim, "Mixtures," Oxford University Press, London, 1952. 	- 
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The simplest case involves two species A and B distributedon a lattice 
The total interaction energy can be written 

U = N. coAA + NBB WBB + NAB 0AB, 

• where Na ft is the number of afl neighbour pairs and 	is the interactioi 
energy of a and P species. An interchange energy w is defined as 

U) = CL)AB - WAA - 

which represents the energy of formation of an AB pair. The total energ 
is clearly dependent on the distribution of A and B on the lattice, that i5 

the degree of order present. The simplest treatment of this problem is t 
assume that the distribution is random despite the different energies o 
interaction. This has been called the zero-th approximation and was use 
by Bragg and Williams• in their theory of superlattice transitions. 24  In th 
case of most liquid mixtures ai is positive and the tendency is toward 
phase separation, but for many metal alloys U) is negative and the tendenc: 
to form unlike pairs leads to a regular array called a superlattice in whic] 
the number of such pairs is maximum. Both tendencies are overcome b: 
high temperatures, which favour random mixing, and definite transitioi 
temperatures exist at which randomness overcomes the ordering tendency 
Such transitions are associated with a large rise in heat capacity. Th 
transition temperature (Ta) is given by 

Tc = zw/2k 

for the zero-th approximation, where z is the number of nearest neighbours 
More sophisticated approximations make some allowance for the fact tha 
the energy differences involved in the formation of vaiious pair leads to 
non-random distribution. Thus Guggenheim suggested that a paralle 
with chemical equilibrium could be drawn and proposed - 

NAANBB/(NAB)2 = e26 IkT/4. 

This equation is the basis of the quasi-chemical theory which is a first-orde, 
approximation.. This theory gives 

TC = w/{k In [z/(z— 2)]). 

Higher approximations are prohibitively difficult to evaluate by norma 
methods but the problem is most suitable for Monte Carlo study. Salsburg 
Jacobson, Fickett, and Wood25  applied the Monte Carlo method to a two 
dimensional triangular lattice-gas (a lattice whose sites are only partl 
filled by interacting particles) for which an exact solution isavailable. Th 
co-ordination number of the lattice is 6 and the molecules interact onl 

24 W. L. Bragg and J. E. Williams, Proc. Roy. Soc., 1934, A, 145, 699; ibid., 1935 
.4, 151, 540. 

25  Z. W. Salsburg, J. D. Jacobson, W. Fickett, and W. Wo Wood, J. Chem. Pizys. 
1959, 30, 65. 



FLUENDY AND SMITH: MONTE CARLO METHODS 	 255 

ith nearest neighbours, the interaction giving rise to a pair energy e. 
such particles are considered, distributed on M lattice sites. New con-
urations are generated by moving a "molecule" to an unoccupied site 
lected at random, and the system is contained by periodic boundary con-
tions. The details of the method are similar to that devised by Metropolis 
al. If the new configuration has a lower energy it is accepted. If not, the 

:ponential of the energy difference is compared with a random number 
tween 0 and 1. An exponential greater than the random number leads 
the acceptance of the new configuration, otherwise the system is 

turned to its original state. Systems of from 8 to 98 molecules were 
udied on lattices for which 50% of the sites were occupied (N/M = 05) 
a reduced temperature defined by 

exp(— EfkT) = 2. 

he results were extrapolated to give values corresponding to an infinite 
.imber of molecules. The ratio U/c, that is, the ratio of the average internal 
iergy per molecule to that of a single pair interaction (or the average 
imber of nearest-neighbour bonds per molecule), was found to be 1 896. 
he value given by exact treatment 26  was 1 8938. About 500,000 configura-
Dns were considered in each case. A further study was made of the varia-
n of the properties of the system with the fraction of sites occupied. The 

suits show the power of the Monte Carlo method in dealing with problems 
this type. In a similar study, Fosdick 27  considered a two-dimensional 

ttice, and for a 20 x 20 lattice rapid convergence was reported except 
ar the Curie point, but as yet only a preliminary notification of the 
search is available. 
The Monte Carlo method has also been applied to more realistic lattices 

interest to metallurgists. Guttman 28  investigated order-disorder 
ienomena in a body-cenrted cubic lattice containing two types of atom. 
e considered systems of from 256 to 1024 molecules at various composi-
fl ratios. With CuAA = COBB = 0, and o = 0AB, the total energy is 

venby 
U= — NABW, 

here IVAB is the number of A-B interactions. The results for an infinite 
ystal are summarised in theannexed Table, together with the predictions 
various theoretical approximations. pc  represents the value of the short-

nge order parameter at the transition temperature. p is defined by 

- 	NAB NAB (random) 

"AB (perfect order) - " 
AT 

AR (random) 

26  G. F. Newell and E. W. Montrose, Rev. Mod. Phys., 1953, 25, 353. 
' L. D. Fosdick, Bull. Amer. Phys. Soc., 1957, 2, 239: 
28  L. Guttman, I. Chem. Phys., 1961, 34, 1024. 
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TABLE. Comparison of the results for a 1:1 superlattice in a body-centr 
cubic lattice at the critical temperature.28 	- 

Method kT/zo S/Nk C/Nk Pc 
Bragg-Williams 
(zero-th order) 05 0693 150 0 
Quasi-chemical 
(1st order) 0435 0652 178 0144 
Domb" 0385 0548 (co), 031.1 
Monte Carlo 0379 0495 (cc) 0418 

aDomb, Changements de phases, Comp. rend. reunion ann. avec comm. therm 
dynamique, union intern. phys., Paris, 1952, p.  177. 

The heat-capacity maximum in the region of order-disorder transitic 
reaches a maximum in an asymmetric manner. The Monte Carlo resul 
are in quite good agreement with the experimental heat capacities f 
PCU.Zn, considering the primitive nature 'of. the model used. Guttm 
concludes that the power of such calculations lies, not so much in the fa 
that they can be adapted to give exact numerical solutions of these problen 
as in the insight they give towards the construction of asimple but adequa 
theoretical model. 

Fosdick 2 ° investigated order-disorder phenomena in a A 313 aJloy on 
face-centred cubic lattice, using a rather more sophisticated model. I 
defined interaction parameters . . 

= WA&) + 
where n refers to the order of the neighbour. Considering only first- ar 
second-nearest neighbours, two parameters are defined, w(') ar 
A = .w( 2)/w('), the latter representing the ratio of the interchange edergi 
of the first and the second series of neighbours. Using systems of 5( 
lattice, sites in 5 x 5 x 5 unit-cell arrays, and with periodic bounda 
conditions, he studied the system when A = 0, - 025, and - 050. 'TI 
transition temperature at these values of A is given by kT/w('> - 10 
161, and 225, respectively. Taking A = - 025, for the Cu 3Au syster 
w(') is calculated to be 816 cal./mole, compared with values of 802 and 7 
suggested by previous workers.. 

The' Properties of Macromolecular Systems 

The properties of high polymers  of both natural and synthetic origin ha' 
been of interest for many years. Their anomalous physical properties, su 
as viscosity, which is dependent on the shear rate, light scattering, and Ion 
range elasticity have provided a challenge to theory. The aim of all work 
this field is to explain these macroscopic properties in terms of the detaili 
molecular geometry of the long chains involved. Unfortunately a kno 

29  L. D. Fosdick, Phys. Rev., 1959, 116, 565. 
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dge of the molecular formula and geometry of a polymer in the normal 
hemical sense is not sufficient, since the properties of such molecules do 
epend directly, not upon the formal chemical structure, but upon the 
etual configurations adopted by the polymer chains. In most work, the 
eometric propeEties of these chain configurations have been reported in 
rms of the average square distance between the ends of a chain of N 

nks, <RN2> av. This quantity furnishes an indication of the size of the 
iolecule and can be used in the prediction of its viscous properties. For 
xample it has been suggested30  for polymer solutions that 

770 = 

,here 770  is the intrinsic viscosity, which is obtained by extrapolation to 
ero concentration and zero rate of shear, M is the molecular weight, and 
a constant. 
Thus the first step in any rigorous treatment of the properties of a 

aacromolecUle must be the evaluation of the "average configuration," 
Jeally in terms of a probability density function (W) which defines the 
robability of finding a chain segment of the macromolecule in a given 
egion of space. This function being given, the problem is reduced to one 
a mechanics, albeit a very complex one. It is with the calculation of W 
hat we shall be concerned in the remainder of this discussion. 

In principle it should be possible to calculate W exactly from a knowledge 
f the segment—segment interactions and' the molecular geometry, but 
a practice the statistical complexity is too great. However, many approxi-
nate methods have been devised. The simplest models 31 '32  consider a 
olymer molecule as a long, freely jointed chain or random walk of equal 
teps, a model directly analogous to Brownian motion and for which the 
eometric properties can be determined exactly. Attempts have been made 
o improve this model by allowing for the effect of restricted rotation and 
xed bond angles on the mean chain configuration. In the first such 
Lttempt Kuhn33  showed that the variations in end—end length due to these 
nolecular factors over a chain of many links could be dealt with by 
rouping several moleci.ilar links together to form a "statistical length." 
Ehe actual molecular chain could, then be replaced in the calculation by a 
haiii made up of an equivalent number of freely jointed statistical lengths. 
['he exact physical relation of the statistical length to the link length 
lepends principally upon the intramolecular forces assumed in the cal-
ulation of Boltzmann weighting factors for each configuration. 

An alternative method (e.g., ref. 34) confines the chain segments to a 
attice, the tetrahedral diamond lattice being particularly suitable for use 
vhen discussing quadrivalent carbon chains. The relative probability for 

30 M. L. Huggins,J. Phys. C/tern., 1938, 42, 911. 
1 E. Guth and H. Mark, Akad. Wiss. Wien. Si:zungber., liLt, 1934, 143, 445. 

32 W. Kuhn, KoI!oidZ.; 1934, 68, 2. ' 
" W. Kuhn, KolloidZ., 1936, 76, 258. 	 ' 
34  R. P. Smith, J. Chern. Plzys., 1960, 33, 876. 
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each possible step at every stage of the chains's growth is computed, as intl 
Kuhn model, by considering the Boltzmann weighting factor for the ste 
The random walk on a lattice is known as a Polya walk, and it is possibi 
as in the case of a walk in continuous space, to calculate the avera 
configuration of the chain. In general the theoretical calculations predi 
that a limit of the form 

lim<RN 2 >av = N12A 
- N—*cO 

exists where I = the individual link length, and A is a constant dependir 
on the molecular properties of the chain. Unfortunately all 'calculatioi 
based upon these types of model are deficient in one important respec 
No account is taken of the impossibility that two chain segments occui 
the same region of space. In other words no allowance is made for ti 
"excluded volume".' 

The Problem of Excluded Volurne.—Despite many attempts to ii 
corporate this factor in calculations, only one exact result has bet 
obtained (on the limiting-step entropy for walks on a lattice).*  In gener 
the theoretical treatments have given rise to widely divergent prediction 
Indeed it woul4  be little exaggeration to say that all possible rethctioi 
as to the effect of excluded volume on chain configuration have been mac 
at one time or another. The difficulty seems to lie mainly in the math 
matical complexities associated with problems such as this 'in which ti 
probability of any step depends directly, not only upon the immediate 
prior step, but. upon all the previous steps 

Rubin35  in an ambitious attempt to secure a solution to the problem 
self-avoiding random walks in continuous space was able to show that 
was a bad approximation to neglect even high-order interactions (i. 
interactions between. segments separated by many chain links) and th 
no useful approximate solution was likely 'to be found; however, he w 
able to set an upper bound of 0- 5 one in the empirical equation 

Jim <RN2>av KN( 1 ) 

Flory and Fox36  in a less fundamental approach assumed that the densi 
distribution of the excluded volume chain about a central reference poi 
was Gaussian in form but broadened by segment–segment interactio: 
Thus <RN2>av .= <RN2>,°  A 2 , where <RN2>0 refers to the simp 
model involving no excluded volume corrections and A is an "expansic 
coefficient." From thermodynamic considerations they deduced th 
A 5  - A 3  = BN1 and that <RN2 > av/N increased with N. Unfortunate 

* The limiting step entropy dS , for walks on a lattice is defined as 
dSco = k log urn 	_Number of allowed n step walks 

N# co k 
(

Number of allowed (n—I) step walks 	. 	. 
35  R. J. Rubin, J. Chem. Phys., 1952, 20, 1940. 
36  P. J. Flory and T. G. Fox, jun., J. Amer. C/tern. Soc., 1951,73, 1904. 
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e approximations are of doubtful 'alidity and it has been shown recently 37  
at (A 5  - A 3)lNi is not constant but is an increasing function of A. 
her workers have used the simple unrestricted random walk as a first 
proximation and have attempted to allow for the effect of the excluded 
lume by incorporating additional "volume perturbation" terms in 
uations such as the differential Fokker-Planck equation which describes 
e distribution of end-end distances for simple random walks. However, 
e solution is very sensitive to the nature of the terms included and con-
cting conclusions have been obtained. 
Work on the other model of a polymer—the self-avoiding random walk 
a lattice (SARWL)—has followed a more purely mathematical course; 

e has been made of a method in which rigorous upper and lower bounds 
€ in the relation lim<RN2 > av = KN(1 ) are calculated, thus enabling 

N-110 
 true value to be bracketed. 39  Unfortunately, it is not possible to produce 

iery accurate estimate of € in this way since the calculations become pro-
bitively difficult if any but drastic simplifications are made. A method of 
rect enumeration has also been used in which the number of allowed 
nfigurations is counted directly. 40  The self-avoiding random walk has 
ovided the only exact theoretical result in the field. Hammersley and 
orton4' were able to show that the limit ji = jim CN/CN_j exists for 

rtain lattices where CN and CN_l are the total numbers of N and N - l 
p self-avoiding walks possible on the given lattice. The actual value of 
cannot yet be deduced mathematically but must be found experimentally. 
ie  constant IL is often known as the attrition constant since it determines 
e probability that the SARWL will be disallowed at its next step owing 
an intersection. It is in fact related to the limiting-step entropy. 

Monte Carlo. Calculations.—The disagreement between the various 
proximate theoretical treatments of the chain-configuration problem 
ggests that none of them is entirely satisfactory Unfortunately it is 
[ficult to use experimental evidence to resolve this conflict since all the 
perimentally accessible quantities depend upon some bulk property 
iich, as yet, can only be related to the polymer configuration in a rather 
bitrary fashion. In this situation it would obviously be valuable to have 
me means of checking the accuracy of the theoretical prediction at some 
termediate stage. A Monte Carlo method is well suited to this purpose 
ice it can supply "experimental" iriforination about chain conliguration 
at would not otherwise be available. 
An electronic computer can readily be programmed to generate a 
tice model of a macromolecule by selecting, at random, steps along the 

17 M. Kurata, W. H. Stockmayer, and A. Roig, J. Phys. Chem., 1960, 33, 151. 
18  E. W. MontroU, J. Chem. Phys., 1950, 18, 734; J. J. Hermans, M: S. Klamkin, and 
Uliman, J. Chém. Phys., 1952,20, 1360;.H. M. James, ibid., 1953, 21, 1629.. 

19  M. E. Fisher and M. F. Sykes, Phys. Rev., 1959, 114,45. 
10  M. E. Fisher and B. J. Hiley, J. Chem. Phys., 1961, 34, 1253; 1961, 34, 1531. 
11 -J. M. Hammersley and K. W. Morton, J. Roy. Stat. Soc., 1954, B 16,. 1, 23. 
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lattice vectors, disregarding all chains which intersect. The "populatioi 
of random walk self-avoiding chains so generated can then be used 
determine the various averages, such as end–end length, of theoretical ai 
practical interest; 

The method used differs in one -  important respect from that applied 
the simulation of systems of hard-sphere molecules at high densities (as 
the equation of state investigations), where the new configurations we 
achieved by the random motion of the constituent molecules over coi 
paratively short distances. Thus there was a strong correlation between t 
configurations at successive iterations, and the approach to equilibriu 
was, in some sense at least, kinetic. In the generation of model polym 
chains the packing density is much smaller (though this might not apply tc 
polymer. in a veryunfavourable solvent or with strong intersegment 
tractive forces) and it is consequently possible to generate entirely nt 
random configurations of the chain at each iteration (though we shall s 
later that in some cases greater efficiency can be achieved by retaining 
certain amount of, the previous configuration). Thus the averaging 
carried out over a spatial or Gibbsian ensemble. This method of averagh 
has several advantages and in particular it should be noted that, if ti 
method were not used, severe complications would arise due to the existen 
of certain classes of state—corresponding perhaps to knotted configuratio: 
of the polymer chain—between which the probability of transition, WE 
not zero, would be very low. Thus . the probability of the molecult 
"escaping" from this state during the - "time" over which the averagii 
is carried out may be effectively-zero. This type of behaviour is effective 
non-ergodic and convergence of the average to the true value for syster 
showing this behaviour cannot be expected in any reasonable computii 
time. 

The first attempts to perform this type of calculation were made by Ku 
on simple punched-card equipment, 42  but most, of the subsequent wo 
has been due to Wall and his co-workers. 43  All the investigations have be 
concerned with self-avoiding walks on various lattices, the tetrahedi 
being the most intensively studied. Interest has been focused mainly 
the variation of the mean-square end–end length as . a function of I 
number of steps in the chain, although the radius of gyration, ring-closui 
probability, and limiting-step entropy 'have all been considered. It w 
found that for most two- and four-dimensional lattices the rat 

"G. W. King, Monte Carlo Method, U.S. Dept. of Commerce, Nat. Bureau 
Standards, Appi. Maths., Vol. XII. . - 

"F. T. Wall, L. A. Huller, and D. J. Wheeler, J. Chem. Phys., 1954, 22, 1036; F. 
Wall and L. A. Hiller, Ann. Rev. Phys. Chem., 1954, 5, .267; M. N. Rosenbiuth a 
A. W. Rosenbluth, J. Chem. Phys., 1956, 23, 356; F. T. Wall, L. A. Hiller, and W. 
Atchison, ibid., 1955, 23, 913; F. T. Wall, L. A. Hiller, and W. F. Atchison, ibi 
p. 2314; F. A. Cotton and F. E. Harris, J. Phys. Chem.,. 1956, 60 1451; F. T. We 
L. A. Hiller, and W. F. Atchison, J. Chem. Phys., 1957, 26, 1742; F. T. Wall, R. 
Rubin, and I. M. Isaacson, ibid., 1957 9  27, 186; F. T. Wall and J. J. Erpenbeck, ibi 
1959, 30, 634; G. S. Rushbrooke and J. Eve, ibid., 1959, 31, 1333; P. J. Marcer, D. Pt 
thesis, Oxford, 1960. - 
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:RN 2 >av/N diverged and conyerged, respectively, as N increased. But for 
Lree-dimensional lattices of practical interest the trend of this ratio is 
ss clear, and chains of greater length must be sampled. This is not easy, 
nce, as the chain becomes longer, the probability of succeisfully adding a 
irther step decreases. The probability that a step will be allowed was 
,und43  to decrease exponentially with increasing chain-length, i.e., 

if N. = number of s step walks successful, and 

No  = number of walks started, 

then N5  = No  exp (- As), 

where A is called the attrition coefficient. 

To counter this difficulty various "enrichinent" procedures are used 
ad much recent research has been concerned with developing satisfactory 
themes for extending the chain lengths that can be sampled. One method, 
ue to Wall and Erpenbeck, 43  utilises allowed chains of a certain length 
ay. s steps) as a basis for the development of a number of longer chains 
) that a tree of such chains is produced (see Fig. 4); It can be seen that 

- -..'S'steps--__ • 'S 'stsps-. .--Sstsps-... Z Foils 

joil j 

	 : : oil il5  .  

FIG. 4. C/lain enrichment by branching. 	- 
j is the number of levels at which branching occurs and p the number of branches 

:arted at each level, wasteful attrition or excess branching is minimised if p = exp 
ks) where A is a constant and s the number of steps at each level. 

iasteful branching or attrition is minimised when the number of walks 
tarted at each level is equal to the number of walks expected to fail 
,ithin s steps. 

A more sophisticated technique, devised by Marcer, 43  uses the branching 
rocedure of Wall and Erpenbeck, but, instead of adding steps singly, 
ihole sections of chain (40 step sections were in fact used) are added. 
lese sections of self-avoiding chain are generated without difficulty by a 
traightforward Monte Carlo method. This technique is more efficient 
han the original Wall and Erpenbeck method since intersection within the 
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individual lengths is prevented and the overall chain attrition much r 
duced. With this method reasonably large samples of chains up to 20 
links in length can be obtained. By these techniques a good knowledge 
the properties of self-avoiding chains has been built up. 

The results for tetrahedral chains have been fitted to the relatk 
lim<RA 2 >av  = KN(') (by analogy with the simple random-wa 
N—cr 
problem). 

As longer chains have been sampled it has been found necessary i 
change the parameters, e.g., for N 	200, <RN2 >aV  = BN 122  W 
suggested; for N 	800, <RA 2 >av = B'N 1 - 18  gave a better fit; fi 
N 2000, <RN2 >av = B"N 113. 

Most recently of all,. Marcer has suggested that a relation of the fori 
lim<RN 2 >av 	KNIogN gives a better fit, both to his values for chaii 
N- 
up to 2000 links in length and to the previous data due to Wall. The typic 
behaviour of some SARWL's is illustrated in Fig. 5. In the case of ti 
three-dimensional lattice at least, the liniiting behaviour has not bee 
reached and the plot is curved towards the log N axis. 

Fig. 6 shows a comparison between the Monte Carlo results of Wa 
et al. and of Marcer, and some A factors determined by viscosity iñeasur 

5•0 

4•0 

('J 	3•0 

0 
0' 
2 20 

i•6 

I.Q. 	20 	3'O 
og 10 N 

Fio. 5. Typical behaviour Of<RN2>av for various types of lattice. 
(I) Self-avoiding random walk in one dimension (gradient = 2). 

Self-avoiding random waJk on a two-dimensional square lattice. 
Self-avoiding random walk on a three-dimensional diamond lattice. 
Self-avoiding random walk on a typical four-dimensional lattice. 
Unrestricted random walk in three dimensions (gradient 

(This Figure is based upon one given by Wall, Hiller,' and Atchison.3) 
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ments; 44  as can be seen, the Monte Carlo results conform quite well to the 
experimental values over the range of "A" values available and indeed 
luggest that even the comparatively primitive lattice model used in these 

•'1's 	

•e 

• 	 F' 
• 	

e 

e2 	80 

000 
00 

S . 

20 	3;O 	4.0 
log N 

1G. 6. Comparison of "A" factors calculated from Monte Carlo results with factors 
thtained by viscosity measurements. 47  

"A" factors from viscosity data for polyisobutenes: 0, at 20°c; , in cyclohexane 
t 30°c. 
Limiting dependence of A on N from Monte Carlo results: 
A, Wall, Hiller, and Wheeler; 43  B, Wall and Erpenbeck; 413  C, Marcer. 43  
Curve F shows the value of A as calculated from the Flory relation A' - A 3  = BN+, 
being taken arbitrarily as 100 for this plot. 
The A factors from viscosity measurements were computed by using the relation 

1 3  = [,,]/Ki'vf. 
While .for the Monte Carlo results A was calculated as A2 = <RN2>av/(RN'> there <RN'> a*V was found by Tobolsky's method 5' using' E = 08 kcal. mole-'. 

alculations may form a reliable guide to the configuration of a polymer 
nolecule. A more detailed comparision of theoretical and Monte Carlo 
esults has been made by Kurata et al.37  

Random Walks in Continuous Space.—The self-avoiding walk on a 
attice is, of course, at best only an approximate model of the polymer 
nolecule. A more realistic simulation would allow the walk to occur in 
ontinuous space and would incorporate as accurately as possible the 
'arious intramolecular-force fields. The application of a Monte Carlo 
riethod to a mOdel of this type would correspond quite closely to the 
olution of the multidimensional integral formulated by Rubin. Naturally 
he greater mathematical complexity of this type of model will limit the 

44 P. J. Flory and W. R. Krigbaum, J. Polymer Sd., 1953, 11, 37. 
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chain lengths accessible to computation, but it is possible to comput 
end-to-end length distributions and other characteristic prOperties' whic] 
can be compared with experimental observations, of, for example, th 
transition-state enthalpy in cyclisation reactions. 45  

Computation of Absolute Reaction Rate 

The theoretical calculation of absolute reaction rates has long been th 
subject of investigation but, at present, progress ,is severely limited by th 
mathematical difficulties of the transition-state theory. Briefly, this theor 
involves the calculation of a multidimensional surface describing th 
potential energy of the reacting system as a function of the position of a] 
the nuclei. This, of course, in itself is an immensely difficult task but ii 
simple cases such as the H 27H reaction a reasonable approximation to th 
potential-energy surface can be constructed. 

If equilibrium is assumed between the reactants and the so-callei 
"activated complex" which exists in the neighbourhood of the saddi 
point in the potential-energy surface,' it is possible to calculate the concen 
tration of the complex in the system. The activated complex can suffer on 
of two' fates; it may decompose to yield the original reactants, 'or react ioi 
may occur with the formation of products. The fraction of such fruitfu 
collisions is known iis the "transmission coefficient:." Thus, if the potential 
energy surface and the concentration of activated complex are known am 
the transmission coefficient can be calculated, our understanding of th 
reaction rate is complete. 

The most elegant approach is the purely quantum-mechanical, one ii 
which the problem is regarded as the transmission 'of a wave packe 
through a potential-energy surface and a solution obtained by solying 
time-dependent Schrodinger equation; unfortunately the mathematica 
difficulties of this method are at the moment almost prohibitive. 46  

An alternative procedure, possible in some cases, is to treat the assembi' 
classically, and, after computation of the potential-energy surface frOii 
quantum-mechanical considerations, to formulate the Hamiltonia] 
equatiOns of motion for the system of reacting nuclei. The track a 
all the nuclei can then be followed by solving these equationi at süccessiv 
short intervals' of time, and hence the outcome ,of the collision, namely 
reaction or no reaction, can be determined. 

Wail, Hiller, and Mazur47  have used this procedure in ,an attempt ti 
study the reaction, H ± H2  -- H + H. In their method the positions of a] 
the nuclei throughout the interaction are "plotted" on a cathodera  
screen and photographed at short intervals, plotssimilar to Fig. 7 bein 
obtained. By repeating this procedure many times for different initia 

45 M. A. D. Fluendy, unpublished results. 
• ° E. M. Mortensen and K. S. Pitzer, in "The Transition State," C'hem. Soc. Speck 
Pub!. No. 16, 1962. 

117 F. T. Wall, L.A. Huller, and J. Mazur, J. Chem. Phys., 1958,29, 255; 1961,35, 128 
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Dnditions of translational, vibrational, and rotational energy, it was 
ossible to determine the relation between these quantities and the 
robability of reaction. Though the results published so far are very. 

(a) 	
. 	 •. 

(b) 

E o I 	 I 

23 	16-47 • 

 16-41 Time (lO4sec)  —4r ime(Ici'sec) 
r__~3 

: 

1G. 7. The figures show the tracks of all the reacting nuclei in the reaction H + H 2-+ 
H 2  + H. 
A hydrogen atom is shown coming from the bottom of the diagzam to collide with a 

ibrating hydrogen molecule (the top two tracks). For clarity collinear collisions are 
lustrated 

(a) Reaction 	 (I,) No reaction 

(Reproduced with permission from ref. 47.) 

imited, it is apparent that the vibrational energy plays only a small part in 
.ctivating the complex and that molecules with little or no rotational 
nergy are more likely to react with the colliding hydrogen atom. 

Conclusion 

From the preceding discussion it is clear that the Monte Carlo tech-
uque can be applied to a wide range of physicochemical problems, where 
t can be used, not only to provide numerical results, but also to guide the 
ntuition in the construction of new theories. It must be remembered, 
iowever, that it is expensive of computer time and therefore a method of 
he last resort which should only be used for tackling those problems for 
which analytical or conventional numerical, methods are useless. What-
wer the application of the method, it is essential that the fullest use be 
nade Of any information available concerning the expected result, so that 
Lfl efficient sampling scheme may be devised, since; in some cases, the 
omputing time required to achieve a given accuracy may be reduced by 
;everal orders of magnitude by good sampling. Indeed, so important are 
he savings available that it may prove worthwhile to attempt to design a 
,rogramme that would automatically optimise its sampling as the corn-
Dutation proceeded. 

In fields outside chemistry the method has been shown to have wide 
ipplications. Successful applications range from scattering problems in 
suclear physics to models of economic behaviour and the reorganisation 
Df industrial stock piles. One thing seems certain; as electronic computers 



266 	 QUARTERLY REVIEWS 

:of the. present generation are replaced by new models (at least 100 time 
faster) the scope of the Monte Carlo method must increase. In particula 
the properties of systems involving long-range interactions, such a 

• plasmas and electrolytic solutions, may be studied. The method may als 
find application in the investigation of extended gravitational systems 
surface-catalysis effects, the probability of knotting and similar topologica 
problems in long-chain polymers, and in quantum mechanics. 

The authors thank Mr. R. P. Bell, F.R.S., for advice and encouragemeni 
and Dr. D. Handscomb for helpful comments on the manuscript. 
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Recornbinatibn Detector; for Atomic 
-Hydrogen Beams' 
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IT has been suggested by Estermann' that a bolometer 
might be used to detect beams of free radicals, and 

such a devicevas constructed by Reilly and Rahinovitch, 2  
alth€ugh with ve limited success. In this note a bolom-
eter detector is described which, when used with a phase 
sensitive amplifier, is capable of detecting a modulated 
H atom beam of 5 X 1010  atoms/dn2/sec or gr eater: This' 
simple detector functions by catalysing the recombination 
of H atoms, absorbed on the surface of a platinum strip, 
and detecting the temperature rise due to the liberated 
heat of recombination as a change in the resistance of the 
strip. . - 

.The -bolometer3  consists of a blackened metal case in 
which is supported the sensitive Pt ribbon. This ribbon 
is 0.65 cm long, 0:025 cm wide, and 0.1 js thick with -a 
resistance of 4012. The standard instrument is modified 
by'leavina the surface of this ribbon in a- "bright" condi-

- tion rather than with - the usual evaporated gold black 
- finish and by removing the K]r window covering the 

trip. These alterations reduce the sensitivity of the device 
to infrared radiation by '--50 times (when operated in a 

• vacuum) . and increase the catalytic activity of the .Pt 
surface.  
- In the present applicaon the modified bolometer is 
mounted in a vacuum chaiHber. The Hatorn beam to be 
detected is modulated at 10 cps by a: chopper wheel and 
then allowed to-strike the surfacef the Pt strip The signal, 
developed as an out-of-balance potential in a bridge 
circuit containing the Pt strip as one arm, is fed via a - 
magnetically shielded cable to a 10-cps high gain tuned 
amplifier. 3  The signal is finally detected by a lockin 
amplifier having an equivalent bandwidth of 0.2 cps. It 
has been found useful to ihcorporate a clipping circuit in 
this amplifier in order to minimize magnetically induced 
impulse noise, -e.g. from control solenoids etc.,- which is 
particularly troublesome when long integrating times are 
used.  

The detector should be operated in a well-trapped 
vacuum system since its catalytic activity is susceptible 
to poisoning; this condition is easily recoghized sircce the 
detector will respond normally to infrared radiation but 
only weakly or not at all to an H atom beam. Poisoning 
can frequently be cured by passing a current of 12 mA 
througli the Pt strip and pumping for up to 24 h, but may 
necessitate replacement of the strip. - 
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FIG. 1. Comparison of predicted and observed variation of H atom 
- - 	signal versus strength of the velocity selecting field. 	- 

When this detector was used to detect an H atom beam 
obtained from a thermal dissociation source equipped with 
a magnetic velocity selector, the variation in observed 
signal intensity with magetic field strength was found to 
be coisistent with a Maxwell-Boltzmann distribution of 
velocities among the atoms in the source at the measured 
-temperture (see Fig. 1). The difficulties of temperature 

- measurement at 3000°K prevent great accuracy, but these 
observations support the linearity of the detector respohse. 4  
At high velocities (_106  cm/sec) the translational energy 
of the impinging H atoms becomes significant and it is 
necessary to include a correction for this effect. 

It is anticipated- that this detector will also be useful 
for beams other than H atoms, e.g. CH 3  radicals, which 
also recombine exothermally on a platinum surface. 

* Support received from the U. S. Atomic Energy Commission, 
Division of Research, is gratefully acknowledged. 

1  I. Estermann, Rev. Mod. Phys. 18, 300 (1946). 
2  C. A. Reilly and B. S. Rabinovitch, J. Chem. Phys. 19, 248 (1951). 

Baird Associates Inc., Cambridge 38, Massachusetts (type AT3 
bolometer and KWI tuned amplifier). 

The linearity of a Pt catalytic H atom probe operated as a re-
sistance thermometer in a flow system has also been confirmed 
J. C. Greaves and J. W. Linnett, Trans. Faraday Soc: 55, 1338 
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A magnetic velocity selectOr for hydrogen atom beams 
using an unfoldingtèchnique. 	

...: . 

M: -A. D. FLUENDYt 
Depaftment of Chethistry Harvard University, Cambridge, Mass., U.S.A. 
MS. received 11th March 1965 . 

Abstract. A velocity selector for:hydrogen atom beams using an inhomogeneoi.Is magnetic 
field is described. The transmission intensity as a functi6n of field strength is calculated 
from the geometry of the system. The resulting Fredholm equation is then solved 
numerically to yield the intensity-velocity distribution in the beam. 

3 

Conventional rotating disk velocity selectors are for mundane 
reasons unsatisfactory for velocities much above 
3 x 105  cm sect. Thus for the velocity selection of thermal 
hydrogen atom beams, containing atoms moving at velocities 
up to 2 x 106  cmsec , a magnetic method of velocity selec-
tion is attractive. Such devices have been used by Cohen and 
Ellet (1937), for velocity selection of a potassium beam and, 
more recently, by Bederson and Rubin (1962)1 

Basically all methods of magnetic velocity selection depend 
upon the acceleration prOduced by an inhomogeneous 
magnetic field on a neutral atom or molecule possessing a 
magnetic dipole moment (Ramsey 1956). 

When a field of gradient ?H/z is switched on, atoms of 
mass m and effective moment I5eff  will be deflected an 
amount z( V) such that: 

\ 
z(V) = 	

1 
(—j)tir — 

H 
(length of field)2 	(1) 

where V is the velocity of the atom. 
Thus by .passing a .well-collimated beam through an 

rnhomogenous field it can be split into components corre-
sponding to. the various magnetic substates. The case of 
hydrogen is particularly simple in that there are two such 
states (neglecting the small splittings produced by the nuclear 
spin) so that a deflection pattern, in which only one magnetic 
state can contribute to the intensity at any point, is produced. 
By scanning a detector across this pattern previous workers 
have been able to study the intensity at any given velocity. 
For scattering experiments where it is desired to transmit 
only a specified velocity into the experimental chamber a 
slit can be placed at the exit of the magnet, offset from the 
undeviated beam, so that the unwanted velocities may-be 
filtered out. The velocity resolution of systems such as this 
is a function of the magnet length and the• slit . widths. 
Unfortunately slit widths much less than 005-0025 mm 
are difficult to use with high temperature sources due to. 
dimensional instabilities, hence- for a given magnet length 
the resolution obtainable is limited. Operated in this mode 
the magnet and slit system described here had a resolution 
(ts V/V half. width) of approximately 20%. This mode is 
also disadyantageous in that only one spin state is transmitted 
—resulting in a loss of intensity by a factor of two. 

In the method described below both spin states are trans-
mitted and more information on the distribution of velocities 
can be obtained.- The essential experimental arrangement is 
shown in figure 1; note that all the slits are set along the line 

t -Now at Department-öf Chemistry; University of Edinburgh  

of the undeviated beam. The electromagnet used in this 
work was designed by Herschbach and Herm (1962 
unpublished). At zero field gradient the full beamintensity 
is transmitted and a velocity scan is made by observing the 
transmitted intensity as a function of the field - gradient 

Magnet 	 - 
Entry slit 	poles 	Exit slit 

H atom source 	I 	t 
V 	 . 	- 

Line of undeviated 	To 

JI
detector 

1 'lnhomogenous  
- 	

- ---/ 	 magnetic field 

Figure 1 Arrangement of magnet and 'slits for velocity 
analysis of a hydrogen atom beam. 

(which is readily varied by - changing the magnet exciting 
current)..  

The observed transmitted intensity I(14).bs at field gradient 
H is then related to the distribution of velocities I(  in the 
primary beam, by: 

00  '(H)obs = fg( V, H)I V)1 	 .(2) 
o 

where g(V, H) is the transmission characteristic of the 
magnet and can be calculated from the geometry of the 
system4 - 

- In the absence of a field the curve representing the intensity 
of the flux through the plane of the magnet exit slit is a trapezium. 
The width A of the flat top and B of the two skirts of this trapezium 
can be computed from: 

Isc 

Ws - 	 . 	
. ....... 

where W = width of magnet entrance slit, 'cf — distance btween 
magnet slits, W = width of atom source slit; 'Sc = distance from 
source to magnet ehtrarice slit. When a field gradient of 
?H/Zz G cm -1  is switched on each atom of velocity V is deflected 
by an amount - - 

I I \ RH\ • z(V) = 	/L(--)lcf2 . 	 -. 

Each velocity thus gives rise to a trapezium of the calculated 
dimensions but displaced adistance z from its zero field position. 
The fractional transmission of a given velocity through the filter 
can therefore be calculated from the overlap between the magnet 
exit slit (normally of width A) and a trapezium of the appropriate 
width displaced a distance z(V) from the zero field position. The 
transmission function for- the system can therefore be onstructed. 
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The simplest approach to the solution of equation (2), 
which may be appropriate in some cases, is to assume g(V, H) 
is a step function, i.e. that for each field strength there is a 
definite velocity below which essentially no hydrogen atoms 
are transmitted but above which the transmission is 100%. 
The signal due to a small range of velocities can then be 
obtained by subtracting the signals obtained at two closely 
spaced field strengths. The error introduced by this procedure 
may be gauged from figure 2 where the effective transmitted 

C 

19  

solved for the bi  by a least squares regression. The values of 
i(V) can then be calculated from equation (3) by substituting 
the values of b, which best satisfy the matrix equation (4). 

The functions F( V)  either can be of a general nature, 
e.g. V, or, if a theoretical function is well established, the 
parameters can be fitted to this form. Figure 3 is a corn- 

I' 	 I 	 I 	 I 	 I 

"°-Calculated 	 (/-11,6) 

I2 - 	 a Fi=xi Ci—.1,6) 

10 	
\'+ F °3 (j exp (j'))x'' 0 2  

08 -: 

0•6 - 

04° - 

02 - 

o 	, 	I 	I 	I 	I 	II 	I 
0 	02 	04 	06 	08" 	0 	2 	14 	1618 	2 

H otom velocity (lOb  cm sec") 

Figure 3. Comparison of the exact and numerical results 
obtained by solution of the Fredholm equation. 

Velocity 1l(Y cm sec) 

Figure 2. Transmitted intensity plotted against velocity cal- 
culated for the simple treatment of the linear slit arrangement. 
Curve A, H = 3010-3440 ci; curve B, H = 4300-4720 G; 
curve C, H -. 6010-6430G. (Hydrogen atom source tem- 

perature 2700°c.) 

band is plotted for several .field strengths. At low vlocities 
in particular this method can provide but poor resolution. 

A more valid apprOach is to solve this equatior accurately 
using the real transmission characteristic of the magnet. 
.The equation (a Fredhoim equation of the first kind), in 
many cases of physical interest, can be so1ved by numerical 
means (Fox 1962). In a successful process (D. L. Bunker 
1964 private communication) the unknown function 1/)  is 
expressed as an expansion of the form 

'(V) =>.b;F(V) 	 (3) 

where the F(v) are any convenient functions and n k 112 , 
k being the number of different field strengths at which 
Observations of 1(g)  have been made. 

The integrals 

A(,k) = 
fo 

are then evaluated numerically and the k x n matrix: 

1(i)  ='b,A(1 , I)  + b 2A (2 , 1)  ± .. . 

,(4) 

= blA(j,k) + ........... fl4(fl,k)  

parison of the exact solution with the results obtained using 
this method and several different functions. The input data 
for this test were obtained by a forward calculation using an 
assumed 1( V) 

V3 	( 	V 2  
1(V) = (664 x 10 exp - (€64 x 12j 

was the expression actually used. A good fit was obtained 
for all three six-term expansions used. As expected the 
form most closely resembling the theoretical function, shown 
by crosses on the figure, provided a slightly better fit than 
the other expansions. 

The resolution can no longer be simply defined in this 
mode of operation. The precision of the result depends 
upon (i) the accuracy '..'ith which the expansion, equation (3), 
can be made to fit the unknown form, and (ii) the number 
and precision of the observations of '(H)• If a reliable 
theoretical form is used the uncertainty due to (i) will no 
longer arise. 
- Figure 4 shows a typical result obtained by applying the' 
method to experimental (I, H) data obtained with a thermal 
beam of hydrogen  atoms detected on a platinum strip bob-
meter (Fluendy 1964). The lower curve is corrected for the 
kinetic contribution to the signal and represents the hydrogen 
atom intepsity as a fupction of velocity in the beam emerging 
from the oven. 

In many experiments interest is concentrated on the per-
turbation in velocity distribution produced by some experi-
mental intervention, e.g. scattering from a target gas. In 
such cases, once the distribution I(  in the primary beam,, 
has been established, the effect of the scattering process can 
be represented as: 

	

'(II)obs = J {J,,,g(V, H)}a(V)dV 	' (5) 

where, q  (V) is the scattering function and everything within 



A magnetic velociiy selector 

the brackets is now known. An exactly analogous method to other cases. Thus, if a theoretical distribution of velocities 
of solution, possibly using different expansion functions, for effusion from a molecular beam were assumed, velocity 
will thus lead to a solution for c( V). 	 selection could be achieved by varying the oven temperature 

This method of velocity selection might also be applicable and solving the equation: 

C 

- 	 H utorn velocity (lOs cvi sec') 

Figure 4. Experimental example showing the velocity distri- 
bution in a hydrogen atom beam obtained by solution of the 

Fredhoim equation. 

IT = J 1(v. T)a(V)dV. 
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1. Introduction 

PROCESSES occurring via atomic or molecular collisions are fundamental 
to chemistry. It is consequently somewhat surprising to see what a rela-
tively small effort has been put into studying such collisions directly. 
Collisions may be divided into three broad categories: elastic, inelastic, 
and reactive. In elastic collisions, which normally predominate, the internal 
energy and quantum states of the collision partners remain unchanged and 
the only possible observable result is a change in the direction of their 
relative velocity vector, i.e., an interchange of translational energy only. 
These elastic encounters are primarily responsible for the macroscopic 
properties of mass, momentum, and 'kinetic-energy transfer (diffusion, 
viscosity, and thermal conductivity). Inelastic collisions are those in which 
the quantum states of a particle are changed. as a result of the collision 
and will, therefore, generally involve energy transfer -between the internal 
modes of the particles. Reactive collisions comprise those in which chemical 
reaction occurs and thus, in general, will also involve a change in the mass 
of the particles. A knowledge of all three types of collision will be required 
if the details of chemical kinetics are to be successfully interpreted, though 
in this Review attention will be particularly directed to reactive collisions. 

Molecular scattering experiments have enabled these coffision - pro-
cesses to be studied without the difficulties of interpretation and inherent 
loss of detail associated with conventional experiments, where measure-
ment of average properties over a wide distribution of incident energy and 
internal molecular states are made. Furthermore, in reactions involving 
a sequence Of steps; one step can be isolated and studied. - 

A number of different experimental configurations 1  have been employed 
in these scattering experiments. In each case a well-pumped vacuUm cham-
ber (about 10-  ton) provides the setting for the experiment. At these 
pressures the mean free path is many metres and - well-defined beams of 
"molecules" (which in future will be taken to include atoms, free radicals, 
etc.) can be produced and their scattering either by another beam or by a 
suitable target investigated. In the arrangement shown in Fig. la, for 
example, a single beam of molecules is produced by the source A, collimated' 

1 Fraser, "Molecular Rays", Cambridge Univ. Press, Cambridge, 1931; "Advances 
in Chemical Physics", ed. Ross, Wiley, New York, 1965, vol. X; Datz and Taylor in 
"Recent Research in Molecular Beams", ed. Estermann, Academic Press, New- York, 
1959, p. 157;.Fite and Datz, Ann. Rev. Phys. Chem., 1963, 14, 61. 

465 



466 	 QUARTERLY REVIEWS 

Beam shutter .  

I 	III 

(a) 

- 	A 	
Velocity 	 x selector 

-..-.. 	/ 

FIG. I. Schematic illutrations of molecular-beaA1l experiments; (a) single beam for 
measuring total collision cross-sections for various velocities, (b) crossed-beams for 
measuring angular dependence pf scattering intensity. 0, is the angle of scattering in the 
laboratory co-ordinate system. : 

by a set of slits at C and, after "monochromation in the velocity selector 
(which transmits only .a narrow. range of velocities), passed through the 
scattering chamber X which ,contains an accurately, known pressure of 
target gas: The beam is finally, detected at D. The arrangement is thus 
exactly analogous to the measurement of optical density in a spectrophotO-
meter and by obserying the signa.jintensity recorded at D as a function of 
target-gas pressure, wecañ measure: the total, collision cross-section for 
the interaction of beam and target molecules. These simle arrargernents 
are capable of considerable refinement, for.exarnple by selecting particular 
quantum states ofthe molecules inthe primary beam. The limitation on 
the resolution and refinement of such selection experililents is at the 
moment. set by. the initial, beam intensity and signal-to-noise, ratio Qf the 
detector. An alternative configuration, Fig. ib, uses two well colliniated 
molecular beams arranged to intersect with a definite angle in the scatter-
ing centre 0, The detector in this arrangement.is  no longer fixed but is ro-
tated about 0. In this class of experiment a great deal of additional in-
formation can be obtained since the angular distribution of 'scattered 
material can be measured. Once again the use of selectors is possible but 
the problems of intcnsity are much more severe, since the scattered flux 
will depend upon the product of the two beam intensities. Fortunately, 
very interesting information can be obtained in some cases With un-
selected beams. The range of experiments is at present very much dictated 
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by the techniques for generating and detecting molecular beams so that it 
is worth examining the experimental aspect more close1y.  

2. Experimental 

(a) Sources.—The most usual source for molecular beams with energies 
in the thermal range is a small oven maintained at a well-stabilised tempera-
ture and provided with a narrow• slit through which the molecules can 
effuse, and, after suitable collimation, form a beam. If the mean free 
path of molecules in the oven is larger than the slit width, there will be 
relatively few collisions in the beam and the intensity will be directly 
proportional to the number of molecules striking the area of the slit, i.e., 
to the pressure. Unfortunately, we cannot increase the intensity of the beam 
indefinitely by increasing the pressure, since the onset of collisions in the 
region of the slit produces a cloud of molecules in front of the slit. 2  This 
cloud scatters and attenuates the beam. There is thus an optimum pressure 
and, correspondingly, a maximum beam intensity, available from sources 
of this type. The optimum pressure will be approximately that giving a 
mean free path comparable with the slit width of the oven. For a typical 
case, a beam 1 cm. high by 001 cm. wide, the conditions for effusive flow 
would require a mean free path in the oven of approximately 001 cm. = 
l lnu21  where a, the collision cross-section, might be of the order 1 0 -13  
cm. 2. The optimum pressure in the oven would then be about 003 ton. 
By kinetic theory the number of molecules striking a detector area Ad in 
the line of the primary beam but distant 1 cm. from the source slit of area 
A 3  is: 

112 x 1022  A 3Ap/l 20(MT) 

where M, T, and p are the molecular weight, temperature, and pressure 
of the beam material in the source. Thus primary beam intensities in 
conventionally sized machines are unlikely to exceed 1013  molecules/sec., 
corresponding in density to a gas at about 1012  torr for normal molecular 
velocities. 

Recently, in attempts to obtain higher beam intensities, some workers 
have used much greater pressures in their ovens, so that hydrodynamic 
flow occurs. Under these conditions a "Laval Nozzle", 3  in which the 
coffisions between beam molecules serve to "focus" their translational 
energy in a forward direction, can be used to produce fast beams of very 
high intensity. Intensities l02__103  greater than those obtained by effusion 
are available. Such systems by virtue of the large mass flow require very 
high pumping speeds and are rather akin to hypersonic wind tunnels, 
and correspondingly expensive. So far they have not become available 
to chemists. Beams of condensable substances may offer more immediate 
scope, since relatively inexpensive cryogenic pumps can be used. 

2 Ramsey, "Molecular Beams", Oxford Univ. Press, Oxford, 1956; Smith "Molecular 
Beams", Methuen, London, 1955; Hasted, "Physics of Atomic Collisions", Butter-
worth, London, 1964. - 

Valleau and Deckers, Canad. J. Chem., 1964,42, 225. 
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Atomic and free-radical beams can be formed by effusion from suitable 
ovens in which dissociation has been brought about by familiar thermal or 
microwave--electric discharge methods, e.g., hydrogen-atom beams of good 
intensity have been produced by thermal dissociation in a tungsten tube 
oven heated to 3000°K electrically. 4  

Very fast beams of neutral molecules have been produced by charge 
exchange in which, for example, a beam of A+  ions with energies in the 
10 ev range are fired through a chamber containing a suitable pressure of 
argon. 5  Since the cross-section for charge exchange is very much greater 
than that for momentum transfer a considerable fracti6n of the ions 
in the beam will be neutralised without being deflected from the beam. 
The final fast neutral beam is then obtained by deflecting away the remain-
ing ions with an electric field. 

(b) Velocity and State Selection.—It is obviously of interest to study 
collision processes as a function of the relative velocity and quantum states 
of each particle both before and after their encounter: In favourable cases 
this is now possible, though normally the sensitivity of the detector and 
beam intensity limjt the resolution which would otherwise be obtainable. 

The distribution of velocities in a molecular beam from an oven at 
T°K can be obtained from Maxwell's law. The number of molecules N(v) 
with velocities between v and v. + dv in directions within the solid angle 
dw defined by the beam is 

N(v) = C(dw/41T)0 exp(_v 2M/2RT)dv 	 - 

But the number of molecules passing through the source slit is proportional 
to vN(v) dv molecules/cm. 2/sec. and thus the distribution of velocities in 
thebeamis - 

1(v) = 210  (2RT/M) 312  v3  exp(—v 2M/2RT) molecules/cm. 2/sec 

(where 1 is the tOtal intensity of the beam, all velocities). 
In principle, by varying the oven temperature and measuring the resultant 

signal after some velocity-dependent process has occurred it is possible 
to reconstruct the details of the velocity dependence. Unfortunately, for 
accurate results an excessively wide range of temperature is required, so 
that a more direct method of selection is needed. For vélöcity sélectiOi ã' 
mechanical method reminiscent of Fizeau's experiment to measure the 
velocity of light is most often used. The selector consists of a number 
(usually 5 or 6) of discs mounted on a shaft which can be -rotated at an 
accurately known speed. 6  A series of equally spaced slots around the edge 
of each disc, mutually offset in successive discs, will then obstruct all but a 
small range of velocities, the transmitted velocity being determined by the 

Martin and Fluendy, Rev. Sci. Instr., 1966, 36, to be published. 
'Devienne, Souquet, and Clapier, Compt. rend., 1963, 256, 233. 
6  Hostettler and Bernstein, -  Rev. Sd. Insfr., 1960, 31, 872. 
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speed of rotation. Resolutions (Jv/v half-intensity width) of 5% are 
commonly achieved. 

The principle of the famous Stern–Gerlach experiment, in which a beam 
of atoms possessing a magnetic dipole is deflected by an inhomogeneous 
magnetic field, has also been used for velocity selection, since the deflec-
tion is a function of velocity. It is particularly suitable for fast moving 
projectiles such as hydrogen atoms for which the conventional type of 
selector would have to be very long. 7  For scattering experiments a system 
of offset slits is normally used to filter out unwanted velocities. 

The deflection x(v) produced by a given velocity v is 

1 
X(V) =eff m 

where 1 = length of field, alllax = magnetic field gradient, e = K.E. of 
molecules, /Leff = Mgp.0  (M can have values —J, —J + 1,. . . J; g is the 
Landé factor, and Po  is the Bohr magneton). 

This procedure will also select the variousangular momentum states of 
the atom. In a slightly different fashion an inhomogenous electric,field can 
be used to select the rotational states of a molecule having a permanent 
electric dipole. 8  

Selection of both velocity and rotational states drastically reduces the 
intensity of the beam. In an effort to combat this, "lens systems" have been 
devised which will bring molecules with an electric or magnetic dipole 
moment to a focus and thus increase the effective area of the source. 2  
Quadrupole fields have commonly been used because their field acts 
perpendicularly towards the central axis and increases with distance from 
this axis. The behaviour of polar diatomic molecules injected into the field is 
of two types.If /Leff > 0, e.g., for the(J,M)states (0,0), (1,1), (2,2), etc., the 
molecules are deflected away from the axis and are lost; However, if [4ff < 

0, e.g., for the states (l,0),(2,0), etc., the molecules experience a restoring 
force proportional to their distance from, and directed towards, the central 
axis. As a result, they execute simple harmonic motion in the xy-plane. For 
a definite velocity in the z-direction all molecules in a particular rotational 
state return to the axis at the same half-wavelength position. By varying 
the voltage across the electrodes, molecules belonging to a state of chosen 
Leff can be focused on the detector. An obstacle is placed in the centre of 
the quadrupole field to shadow the detector against molecules which travel 
close to the axis and are therefore not much influenced by the field. For 
molecules with a large range of states there is a considerable degree of 
overlapping in the deflection pattern and very careful analysis is required 
if the results are to be unravelled. 

Recently the construction of "molecular accelerators" has been started° 

'Fluendy, J. Sci. Insfr., 1965, 42, 489. 
8  Kramer and Bernstein, J. Chem. Phys., 1965,42, 767. 
'Wharton, personal communication, 1965. 
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in which suitably phased electrostatic radio frequency (R.F.) fields act 
upon the molecular dipole moment. They can accelerate highly dipolar 
molecules in states of specified .teff to translational energies in the region of 
10 ev. These devices thus differ from the "passive",filters already dis-
cussed in that they transfer whole regions of phase space to a new 
energy region. 	 .. .' 	 . 	 - 

(c) Detectors.—The degree of refinement in the way of selection, etc., 
possible in the experiment is limited by our ability to detect. the final 
signal. Thus while beam intensities are still limited by financial resources, 
detectors are a most critical part of a beam experiment. 

Many different devices have been used or suggested for molecular-beam 
detection. 2  They can be conveniently divided into a few categories. 

Chemical or condensation targets. In these the beam molecules are 
collected and estimated by some chemical reaction, e g, a yellow MoO 3  
target will show a blue trace of Mo0 2  where exposed to atomic hydrogen. 
These methods are often sensitive but rarely metrical and definitely in-
convenient. Recently methods using radioactive counting •  have seemed 
more promising 

Pressure-measuring detectors. In these the increase in, pressure in-
side a small receiving vessel exposed via a narrow entry to the beam flux 
is measured This is frequently by means of a hot-wire Pirani gauge or some 
form of lonisation gauge such as that due to Kingdon 10  This type of 
detector is almost invariably used with some form of beam modulation so 
the zero drift and noise associated with pressure fluctuations in the main 
apparatus are minimisëd. Thcir chief advantage is. the wide range of sub-
stances which can be detected in this manner 

Thermal detectors. Bolometers with a .surface active as a catalyst 
can be used to .detect beam molecules which react.exothermally on their 
surface, e.g.,. atomic hydrogen. 1' For very, energetic beams the -kinetic 
energy of the impinging molecules will yield sufficient heat., 	' 

lonisation methods.. These are perhaps 'the . most important. 
Basically they involve the ionisation. of the molecule followed by its 
measurement as an electric current through an electrometer 'or electron 
multiplier (possibly 'with a mass spectrometer intervening). In some cases 
the ionisation may. be  brought about v.ery simply, e.g., rnetastable He(25 1) 
will eject an electron on impact with a gold surface. The resulting current 
will then be a measure of the He(25 1) flux.  

Surface ionisation detectors have been particularly widely used and are 
the most sensitive detectors 'available at present. 2  In these, detectors, the 
ionisation of molecules having a low work function (in practice ,largely the 
alkali metals and their compounds) is brought about by collision with a hot 
wire of high work function, typically tungsten (preferably of a type drawn 

'° Kingdon, Phys. Rev., 1923,' 21, 408; Brooks,' Thesis, Univ. ofCaIifornia, 1964. 

	

1  Fluendy, Rev. Sci. Instr., 1964, 35, 1606. 	= . 	' 
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from a single crystal of the metal since this emits fewer alkali ions from 
internal impurities). This approach has been much extended by the use of 
differential surface ionisation 12  in which two wires, one of high and the 
other' of rather lower work function, are used to distinguish, between 
different species. An important example is the use of tungsten and platinum-
alloy wires to differentiate between alkali metals and their halides. By 
using suitable temperatures and "ageing" treatment for the wires it is 
possible to arrange for the tungsten wire to ionise a very high proportion 
(about 90 %) of the M and MX molecules striking it, while the platinum 
wire will only ionise the M plus a very small proportion of the MX 
molecules striking it. Thus by measuring the flux with both wires and 
making suitable calibrations the two fluxes can be distinguished. In a typical 
scattering experiment the currents measured range, from 10 A in the main 
beam to 10 16  A. for some scattered produèts. 

The hot-wire detector is unfortunately very limited in the range of 
molecules which it will detect. For other substances ionisation can in 
general be brough't about by electrOn bombardment 13  (as in a mass spectro 
meter) A high density of electrons having energies in the 20-50 ev 
range are concentrated in the path of the beam. The resulting positive ions 
are passed into a mass spectrometer and the signal of the appropriate 
mass number observed. This method is considerably less sensitive than the 
hot wire since only approximately 1. in .102  or 10 of the molecules in the 
beam are ionised. Furthermore unless very low pressures are obtained in 
the detector region there is considerable noise from fragments of the 
background gas appearing at the relevant mass number. These drawbacks 
can to some extent be overcome by counting techniques in which the 
noise and signal can be integrated' over long periods. 

3. Interpretation of Results 

The results of scattering experiments are normally reported in terms of 
"cross-sections" for particular processes. The area of these cross-sections 
is a measure of the relative probability of the process. For example con-
sider the situation in which a stationary target molecule is exposed to a 
flux* of incident molecules. 14  The general differential cross-section 
a,,(v) for scattering into an element of solid angle deo accompanied by the 
change i j is then defined by: 

d(V 
- Number of molecules in s tate j scattered per sec. into dcD 
- 	Intensity of incident molecules in state i 

For molecules interacting with centrosymmetric forces (or for the aver-
age of many impacts with random orientations) there is complete symmetry 

12 Taylor and Datz, J. Chem. Phys., 1955, 23, 1711. 
13  Weiss, Rev. Sci. Insir., 1961,32, 397. 
"Goldstein, "Classical Mechanics", Addison Wesley, Reading, U.S.A., 1950. 
* Flux = (Number density of moleàules in beam) x (Velocity of molecules in beam). 
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about the incident direction, so dw = 27T sin O.dO. Ois the scattering angle 
(between incident and scattered directions). All the information concerning 
the angular intensity of the scattering is therefore given by the differential 
cross-section o(0). By integrating over 0 we obtain the total cross-section a: 

aij  = 27T Y a(0) sin 0.dO 

The total cross-section is the effective area which the target molecule pre-
sents to the incident flux. The transmittance I/Jo  of a beam passing for 
distance I through a "static" target gas of number density n will be 
exp(—n B la). 

When the target molecules are not stationary, the treatment of results is 
more complicated. Experimental results are measured in laboratory co-
ordinates with the origin at the apparatus scattçring centre. For interpre-
tation of results in terms of molecular collisions we must transform to 
centre-of-mass co-ordinates moYing with the centre of mass because we 
are only interested in the relative kinematics of the colliding molecules. 14  
Figure 2 shows the velocity vector (or Newton) diagram for the in-plane 

5'. 	 Fastp€ak 

I 	 Iv. 	Intensity 

Slow peak I 
,.. 	

Detector 

)j 

FIG. 2. Newton diagram for scattering from two beams crossing at rig/it angles. Elastic 
collision of particle B produces rotation of. wB (its relative velocity vector) about the tip 
of the centre-of-mass vector. For inelastic collisions in which energy is transferred to 

- translational motion WB would be increased in length as well as rotated. 

scattering of two particles A,B crossing at right angles. Beam particles 
A,B approach the centre of mass with relative velocities WA, w, whilst, 
as can be calculated from Newtonian mechanics, the centre of mass moves 
at constant velocity vCM = (m A y A  + mBvB)/(mA ± m B ). The relative 
kinetic energy of the collision is p. (VA2 -f-  V 2) where p. is the reduced 
mass. During elastic collisions the relative velocities remain the same in 
magnitude but their directions are changed.*  The locus of the termini of all 

S For scattering in which reaction or energy transfer occurs the magnitude of the vector 
of scattered B may also change, and may also depend on the angle of scattering. 
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possible vectors of elastically scattered B is a circle of radius w. If WB 
< VCM the scattered material is confined within the tangents OX; OY of 
the circle, and there are two relative velocity vectors for B scattered in a 
given direction: a "fast" component arises from scattering through the large 
centre-of-mass angle O, and a "slow" component arises from scattering 
through the small centre-of-mass angle O. The angular distribution of 
scattering in the laboratory may thus be radically different from that in the 
centre-of-mass system. Experimental or laboratory cross-sections and 
angles have usually to be transformed into centre-of-mass co-ordinates. 

In these co-ordinates the scattering problem is equivalent to that for a 
beam of particles scattered by a potential centred on a fixed target and 
theoretical interpretations are more easily made. 

4. Elastic Scattering 

The purely elastic scattering of molecules from spherically symmetric 
potentials is now rather well understood. 115  The total cross-section results 
normally show two distinct regions. At high energy the scattering is 
dominated by the short-range repulsive forces while at low energies the 
long-range dispersion effects are more important. Measurements of cross-
sections for a range of velocities can be used to determine best-fit para-
meters in a suitable potential function. In particular, interference effects 
due to the de Broglie wavelength of the particles can often be observed at 
low energies and provide a very sensitive test for the potential function. 
In the angular scattering pattern a number of effects (not essentially 
quantum in origin) can operate to produce structure. Of particular interest 
is the "rainbow scattering" which can be associated with an extremum 
in the plot of deflection angle against impact parameter (Figure 3). The 
extremum is the result of a balance between effects of attractive and re-
pulsive forces. The minimum in this function serves to concentrate extra 
intensity in the direction of the rainbow angle. Since this angle is primarily 
related to the ratio of incident kinetic energy. to potential well depth an 
important parameter can bedetermined quite directly. 

Elastic scattering results with good resolution are now becoming 
available and can be expected to provide our most accurate information 
about intermolecular potentials. 

5. Inelastic and Reactive Scattering 

In the field of chemical reactions, those of the type A + B -i- C + D 
have proved the most amenable to investigation by scattering experiments, 
since here relatively crude experiments yield much information. 

In general, if the transformation of species ito species j (where i and j 
may be different internal states of the same compound or different chemical 

15  Bernstein, Science, 1964, 144, 141. 
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species) proceeds by a bimolecular mechanism, then the usual kinetic 
rate constant, k1,(T), is, given by . 

k 13(T) = 2irJJ va2(O, v,)f(vr, T)dVr sin U dO 

where f(vr,T) is the distribution of relative' velocity Vr of the two partici-
pants at temperature T and 0 is the angle of scattering (in centre-of-mass 
co-ordinates) resulting from the collision.  
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Fio. 3. Elastic scattering by an intermlecu!ar potential with both long-range 'attractive 
and short-range repulsive .forèes.' (a) Trajectories of particles, with varloOs impact 
parameters, W. Collisions with small b lead to scattering at wide angles and are domin-
ated by the repulsive part of the potential. For, collisions with large b the reverse is true. 
(b) Variation of deflection with impact parameter.  

In deriving a rate constant from measured cross-sections it is not nor-
mally' necessary to measure differential cross-sections and the angular 
integration in the equation above is removed by using the ,appropriate 
total inelastic cross-section. However, there is as 'yet no experimental 
method for measuring such total cross-sections directly. Hitherto, chemical 
rate processes have been investigated through the rate constant k, usually a 
k that is a sum governing the formation of products in different rotational 
and vibrational states. The present state of molecular-beam work is that 
the angular dependence of a,(O,vr) for a limited class, of chemical reac- 
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tion is quite well established (and thus some relative tOtal cross-sections 
are known, but that their velocity or energy dependence is as yet poorly 
defined, or known over only a small energy range. For this reason, rate 
constants cannot yet be reliably deduced from cross-sections. It may be 
noted that if the reaction is too fast; the Maxwellian velocity distribution 
will no longer hold and other processes then help to determine the overall 
rate of reaction For this reason and because on integrating and averaging 
to obtain a total cross-section details of the angular and energy dependence 
of aj,(O,vr) are lost, the differential cross-section is of more fundamental 
interest than k,, in examining a reactive system. 

6. Energy-transfer Collisions 

The crossed-beam technique is in principle capable of measuring c ij  

(O,Vr) when i and j refer to different rotational or vibrational states of 
the same chemical species. To measure such an energy-transfer cross-sec-
tion, the basic scattering experiment of Fig. 1 must be augmented either by 
measuring the velocity of one of the participants emerging from the colli-
sion or (for rotational energy transfer) by determining the rotational state 
of one of the colliding molecules before and after collision. 

The two techniques are illustrated by the two types of experiment that 
haye been performed in this area, namely the transfer of rotational energy 
in crossed beams of D 2  and K,16  and rotational transitions in TIF induced 
by a variety of other molecules.' 7  In the deuterium experiments (performed 
at only one angle of scattering) the conventional Newton diagram gives 
the velocity of the potassium to be expected from purely elastic scattering; 
atoms appearing at higher speeds are assumed to have gained extra recoil 
from rotational de-excitation of deuterium (j = 2 --* 0). Since the energy 
spacing of the rotational levels of deuterium is an appreciable fraction of 
the incident kinetic energy, the inelastically scattered potassium at any 
angle can be separated from elastically scattered potassium by velocity 
analysis. A small signal due to inelastically scattered potassium having 
the predicted velocity was observed, yielding a differential cross-section 
of 005 A2  per steradian (at 6 = 108°). Calculations indiCate 18  that even 
in the system K—HC1 toial cross-sections less than 10 A2  are to be expected 
for, transitions among the lowest rotational levels. 

In the experiments of Bennewitz and Toennies using rotationally selected 
T1F, total cross-sections for a range of rotational transitions have been 
measured. Here, two separate quadrupole fields are used as selector and 
analyser. Only those molecules that suffer a specified change of J in th 
collision chamber are refocused and detected. The rotational levels are 
much more closely spaced than those of D 2  or HC1 and the inelastic cross- 

'° Blythe, Grosser, and Bernstein, J. Chem. Phys., 1964, 41, 1917. 
' Toennies in "Atomic Collision Processes", ed. McDowell, North-Holland 

Publishing Co., Amsterdam, 1963. p. 1113. 
"Lawley and Ross, J. Chem. Phys., 1965, 43, 2943. 
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sections are consequently much larger. The observed results have been 
quantitatively interpreted using an intermolecular potential with an angle-
dependent term which is consistent with the observed 4J = ± 1 transitions. 
This type of experiment is one of the few that gives reliable information 
about the anisotropy in the potential. 

The small cross-section to be expected for most collision-induced 
vibrational transitions makes it unlikely that beam methods will be useful 
in their investigation for some time to come. 

7. Reactive Collisions 

In the ideal scattering experiment designed to investigate a chemical 
reaction, the angular distribution in intensity of one of the scattering 
products and of one of the elastically scattered reactants is measured. 
The measurements are performed on mono-energetic beams of molecules 
in a selected rotational state and repeated for all quantum states of the 
reactants that are of interest. However, worthwhile velocity selection 
reduces the intensity of both incident beams by at least a factor of ten, so 
that subsequent rotational state selection, unless accompanied by efficient 
focusing, reduces the signal from reaction products alniost below detection 
level. Also, and this is one of the gaps in the method, there is no way of 
analysing abeam of molecules into their vibrational states; in this respect 
the method is complementary to infrared emission methods, 19  where the 
vibratiOnal state of areaction product is known but not its translational 
energy. Fortunately, a great deal can be inferred about the nature of 
reactive collisions, especially the partition of energy in the products, by 
quite crude experiments using unselected beams. 

There are two types of practical beam experiment. In the first the intens-
ity of elastic scattering of one of the unchanged reactants (usually K or 
Cs) is measured as a function of angle. - 

Greene, Ross, and their co-workers 20  have investigaied the elastic 
scattering of K from a variety of halogen-containing compounds, e.g., 
the hydrogen halides, CH 3Br, and Br 2. In favourable cases (K—CH 3Br, 
K—HBr, K—HI) a scattering pattern of the general form shown in Fig. 4a 
was obtained. These experiments were performed with a detector sensitive 
only to K and the authors have interpreted the marked loss of intensity 
at large angles of scattering as due entirely to removal of K by reaction. 
By assuming that the elastic scattering at small angles (arising primarily 
from collisions with large impact parameters) is unaffected by the reactive 
process, the elastic potential parameters can be found. These parameters 
can then be used to predict the complete elastic scattering pattern in the 
absence of reaction. Thus, the total number of K atoms lost per second 
can be obtained by integration of the difference between predicted and 

19  Polanyi, J. Chem. Phys., 1959, 31, 1338. 
20 Beck, Greene, and Ross, J. Chem. Phys., 1962, 37, 2895; Ackermann, Greene, 

Moursund, and Ross, J. Chem. Phys., 1964, 41, 1183. 
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FiG. 4. Experimental results for chemically reactive systems. (a) The general elastic 
scattering pattern for the system K + FIX. The shaded area indicates the loss of K due 
to chemical reaction. (b) The energy-dependence of the total reaction cross-section for 
K + CH, Br. The shaded area indicates the spread of experimental results. The upper 
curve comes from the K loss method and the lower from direct measurement ofKBr. 

observed signal. In order to obtain the absolute total reaction cross-section, 
the number of molecules lost per second must be divided by the incident 
flux of potassium atoms and the number of target molecules in the volume 
of intersection of thetwo beams. Absolute values are difficult to obtain, 
but relative values for different target molecules or for different incident 
energies can be measured to a precision of perhaps 20%. 

In the-case of K—BHr the product KBr has been detected in the same 
experiment and this constitutes the second, direct approach to measuring 
reaction cross-sections which we shall discuss in more detail later. In this 
reaction the value of areact obtained by the former indirect method is 
about 34 A2 (Erei = 1 kcal./mole), while the direct method gives a value 
between three and eight times smaller than this depending on the experi-
mental conditions. For the system K—HI the values obtained by the two 
methods are 31 A2  and 14 A2,  respectively. 
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The cross-section obtained purely from observations of the scattering of 
K must be an upper limit since a decrease in scattered. intensity at large 
angles could be also produced by a softening of:the inner wall of the inter-
molecular potential, as an inspection of typical classical trajectories shows. 

If the deficiency in scattered K at various angles (compared with that 
calculated by assuming a potential falling off with the sixth power of the 
distance) is plotted against the corresponding distances of closest approach, 
y, very similar curves are obtained over the whole range of experimental 
energies: anomalous scattering sets in below the same, critical distance of 
closest approach in every case. This strongly suggests that in subtracting 
from a hypothetical, purely elastic scattering pattern a' property of the po-
tential energy surface has been obtained, but whether this property is due 
exclusively to reaction has yet to be settled. It being noted that the critical 
distance of closest approach in the K—HBr experiments corresponds almost 
exactly to the equilibrium K—Br distance in KBr, the potential energy 
V(y) corresponding to the critical distance of closest approach is inter-
preted as the activation energy for reaction. [These critical values of V(y) 
are all positive and thus two molecules starting from rest and moving 
together under the influence of their mutual attraction could never penetrate 
to the required separation.] This leads to the following values for the 
activation energies: K—HC1, 05 kcal./mole, K—HBr < 04 kcal./mole, 
K—HI 02 kcal./mole. - 

In principle, activation energies can also be obtained simply from 
curves of total reaction cross-section a plotted against relative kinetic 
energy E. Fig. 4b shows Greene and Ross's result for the K—HBr reaction, 
where a low threshold is discernable. More precise velocity selection of the 
reactant beams and better collimation are necessary before the threshold 
behaviour can be clarified and the activation energy accurately measured 
in this way. There is some evidence in the work of these authors of a second 
step appearing in a(E), possibly at a point where a new vibrational level 
of the product becomes accessible. The Arrhenius equation k(T) cc 
exp( _E*/kT)  is broadly compatible with a variety of step-like a(E) 
functions. 

In the second type of reactive scattering experiment, in which the angular 
distribution of one of the products is measured, the earlier experiments 
used unselected Maxwellian beams of alkali atoms and halides in order to 
keep the flux of the product high. An inspection of the Newton diagram for 
the K—HX system, Fig. 5a, indicates that because of the very small mass 
ratio of the products (m H :m xx ) the potassium halide is largely. concentrated 
near the centre-of-mass vector, leading to a high intensity of product in 
that direction, Thus, the integrated flux and hence the reaction cross-sec-
tion can be measured more accurately than in, say, the systems K + CH 3I 
or K + Br2  where the product, is spread out over a larger solid angle 
Fig. 5b. 

The reactions of Cs and K with the lower alkyl halides, and later .  with 
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FIG. 5. Newton diagrams for extreme types of reactive Encounter. In (a) the product 
rebounds in the backward direction and there is a large change in reduced mass. In 
(b) the reaction is followed by forward scattering and there is little change in reduced 
mass. Only typical final relative velocity vectors of the detect ed products are shown anda 
broken line indicates the general direction in the laboratory in which maximum intensity 
of scattered product is observed. 

other smail halogen-containing molecules, 2' have been investigated by 
Herschbach and his èo-workers. Maxwellian beams were used in the earlier 
experiments nd the angular distribution of the alkali halide measured. In 
some of the most recent experiments in this series, a magnetic field in 
front of the detector has been used to discriminate unambiguously be 
tween the paramagnetic alkali metals and their diamagnetic halides and 
the large reaction cross-sections repoited for some of these systems have 
been confifmed. - 

The reaction cross-sections obtained (all for incident energies Ca. 1 
kcal./mole) range from ca.-l0 A2  for the lower alkyl halides to> 100 A2  for 
Cs—Br 2, K—Br 2, Cs—ICI, Cs—IBr, and Cs—I 2 . 22 '23  The results from about a 
dozen different systems seem to fall into two groups, those with large and 
those with small (< 30 A2)  EeactiOn cross.sections, though it is perhaps 
accidental that relatively few intermediate cases have been found. Equally 
important, an analysis of the angular distribution of the scattered product 
also shows a division into two classes. In the fimt type, most of the alkali 
halide produced continues to travel roughly in the direction of the potas-
sium beam; the angular distribution is strongly peaked between 5° and 20° 
in laboratory co-ordinates measured from the alkali-atom beam. This is 
in contrast to the reactions of small cross-sections, in which most of the 
alkali halide product is scattered backwards, i.e., an observer travelling 
at the centre of mass would see the two reactants approaching from the left 
and from the right respectively, colliding at his point of observation, and 
the alkali halide formed returning roughly in the direction from which the 

21  Herschbach, Discuss. Faraday Soc., 1962, 33, 149; Wilson, Kwei, Norris, Herm, 
Birely, and Herschbach, J. Chem. Phys., 1964, 41, 1154. 

22 Datz and Minturn, J. Chem. Phys., 1964, 41, 1153. 
23 Helbing and Pauly, Z. Physik, 1964, 179, 16; Gersing, Hundhausen, and Pauly, 

Z. Physik, 1963, 171, 349. 
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alkali atoms came. It is also significant that no rainbow angle 23  is observed 
in the potassium scattering pattern in the large cross-section cases. 

The general Newton diagram shows that the direction in which a scat-
tered product is observed in the laboratory depends both on the angle 
through which the relative velocity vector is turned (the angle of scattering 
in relative co-ordinates), on the change in reduced mass, and on the change 
in length of w i.e., on the final relative kinetic energy. In order for the 
scattering to be strongly peaked in the forward direction in the laboratory 
co-ordinate system, the- angle of scattering 8 must be small and the final 
relative kinetic energy of the same order of magnitude as the initial value. 
Since all the reactions studied are exothermic (e.g., for K + RHal, zl E 
- 20 kcal./mole), the conservation of energy indicates that up to 90% of 
the heat of reaction goes into internal modes of the products. These con-
clusions are in keeping with other kinetic results, especially those from 
use of the sodium flame technique, 24  but in contrast to results from the 
study of the reactions of hydrogen atoms with the halogens by a flow 
technique. 25  

It has also been found by Herschbach 26  that there is no appreciable 
steric hindrance effect in going from methyl halide to butyl halide; this 
indicates a considerable orientating force in collisions of small impact 
parameter which line up the molecular partner in the required orientation 
for reaction. If this were not the case, then one would not expect the rapid 
rise of transition probability to almost unity with decreasing impact 
parameter found in the work of Greene and Ross. 

Few experiments have been performed on reactive systems with measure-
ment of the velocity of one of the product species. This is, of course, the 
most direct way of assessing the partition of energy between internal and 
translational modes and the use of a velocity selector on a product beam 
(if the primary beams are monoenergetic) does not result in the loss of 
intensity necessarily accompanying velocity selection of the primary beams. 

The velocity distributions of KBr scattered from crossed-beams of 
velocity-selected K and thermal HBr and Br 2  have been measured by 
Grosser, Blythe, and Bernstein. 27  At any particular angle of observation 
the KBr velocity was found to be distributed about a well-defined maxi-
mum, the most probable velocity varying somewhat with the angle of 
observation. Should the latter effect remain after conversion to relative 
velocities, it might perhaps be due to the amount of energy taken up in 
rotational excitation of KBr changing with the angle of scattering. The 
result clearly emerged that the final kinetic energy was no more than 05 
± 0.5 kcal./mole greater than the initial relative kinetic energy, out of 
51 kcal./mole liberated in reaction. - 

24  Polanyi, "Atomic Reactions", Williams and Norgate, London, 1932. 
25  Airey, Getty, Polanyi, and Snelling, J. Chem. Phys., 1964, 41, 3255. 
26  Herschbach, Applied Optics, Supple. 2 on - Chemical Lasers, 1965, p.  128. 	- 
27  Grosser, Blythe, and Bernstein, J. Chem. Phys., 1965, 43, 1268; Grosser and 

Bernstein, J. Chem. Phys., 1965, 43, 1140. 
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Recently Moulton and Herschbach 27a have further probed the energies 
and angular. distributions of scattered product molecules using chemi-
luminescence. For example, vibrationally hot KBr+, from crossed beams 
of K + Br2, entered a second scattering chamber containing a Na cross-
beam. Electronically excited K*  atoms were generated by a chemical 
exchange process, - 

KBr + Na - K* + NaBr, 

and light emitted from K*  was observed with a photomultiplier. Through 
this sort of experiment molecular beam scattering and infrared emission 
studies will eventually combine. 

8. Models and Theories of Chemical Reaction 

As a result of work with molecular beams, a certain amount is known 
about the details of a particular group of reactions, the reactions of 
potassium and csium with a variety of halides. The features of these 
reactions that any model must account for, at least qualitatively, are as 
follows: (i) Two rather distinct classes of reaction can be distinguished, 
"rebound" and "stripping" reactions. The former is characterised by small 
reaction cross-section (ca. 10 A2)  and by backward scattering of alkali 
halide product, the latter by larger cross-section and by forward scatter-
ing. (ii) The energy released in the reaction goes almost entirely into internal 
modes of motion. (iii) All the reactions have activation energies less than 
1 kcal./mole. 

It is at once clear from the angular distributions observed that all the reac-
tions studied proceed directly, not via a long-lived collision complex. If such 
a complex were formed, and its lifetime exceeded its period of rotation, then 
the Newton diagram shows that, depending on the -change in reduced 
mass, a single (or possibly a double) peak symmetrically placed in the direc-
tion of the centre of mass or a very broad distribution of product without 
pronounced peaking would be-observed. Further insight into the meaning 
of (i) above can be obtained by use of the ideas of elastic scattering. A large 
cross-section for an inelastic process means that a wide range of impact 
parameters is effective in inducing the change and there is a loose correla-
tion between the strength of the ordinary intermolecular potential (as 
measured, for instance, by the Lennard-Jones parameter e) and the choice 
between recoil and stripping mechanisms. The larger the intermolecular 
force, the more trajectories are drawn in to some critical distance of ap-
proach. Nevertheless, it is hard to escape the conclusion that a somewhat 
more specific effect is operating, and the occurrence of a charge-transfer 
mechanism was suggested many years ago in connection with the large 
cross-section observed in some sodium-flame experiments. 24  The ionisation 
energy and electron affinity of the two reactants may be such that even at 

27,  Moulton and Herschbach, J. Chem. Phys., 1966, 44, 3010. 
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a separation of Ca. 10 A the state of the colliding system rapidly changes 
from that of a molecular pair-to a vibrationally excited ionic pair. From 
then on, Coulombic forces within the newly formed molecule take over 
and the reaction- proceeds - rapidly to completion. Considerations of 
angular momentum, together with the unusual nature of the -potential-
energy surface, seem to be responsible for the strong forward scattering. 

Features (ii) and (iii) are also directly concerned with the nature of the 
potential-energy surface. If the system is regarded as moving over this 
surface in the course of reaction then the .state of the products, of an 
exothermic reaction depends upon the change in reduced mass accompany-
ing reaction and upon the steepness of the entrance and exit valleys. This 
point has been discussed by Simons28  and Polanyi 25  in contrasting the 
reaction of sodium atoms and hydrogen atoms. - 

The small activation energy observed in 'these reactions becomes a 
parameter to be used in the construction of potential-energy surfaces..These 
surfaces are then - used - in what is at the moment the most complete 
calculation of reaction - rates, the Monte Carlo simulation method. 29  
This- -method assumes that though the potential energy 'of interaction of 
reactants and products must be determined by quantum mechanics, the 
motion of the constituent atOms or groups through the force -field -  ob-
tained in this way can be found by classical mechanics. When the classical 
equations. of motion are solved, the probability ofreactiOn for the vai'ious 
impact parameters-sampled is obtained, together with the angular dis-
tribution of the products and the - classical, degree 'of excitation of the 
products. These calculations were performed with the results of scattering 
experiments in mind, and some of the-above features have -been reproduced. 

- It is clear that mOlecular scattering measurements have a veryconsider-
able future in the study of chemical reactions. Up to the present the experi-
ments have been' confined to a 'rather narrow class of reaction: The 
mechanisms observed may thus- not be very typical. In particular it can be 
expected - that some- reactions will proceed via relatively long-lived com-
plexes. By analogy with nuclear reactions of the "compound nucleus" type 
it can be expected -that the energy. dependence - of their reactiveand elastic 
cross-sections will yield considerable information. - - 

- Improvements in technique can be- expected - to broaden the range of 
reactions in which the scattering products can be --  observed directly. 
Recently mass spectrometer detectors have been used in the determina-
tion of total cross-sections for the mutual scattering of the inert gases 
and of hydrogen and deuterium. 30  Nevertheless, for most reactions the 
reactive cross-section - will remain too small for direct investigation. In 

28  Simons, Nature, 1960, 186, 551.  
29 Bunker, Scientific American, 1964, 211, 100; Karplus and Roff, J. Chem. Phys., 

1964, 41, 1267; Kuntz. Nemeth, Polanyi, Rosner, and Young, J. Chen. Phys., 1966, 
44, 1168. - - 

30 Buren, Feltgen, Gaide, Helbing, and Pauly, Phys. Letters, 1965, 18,282; Landorf and 
Mueller, ibid., 1966, 19, 658. 	- 
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these cases the elastic scattering pattern (possibly of super-thermal beams) 
is capable of yielding considerable information about the potential surface 
accessible at the relative kinetic energy of the beams. By observing 
separately the mutual scattering of reactants and products the lower 
reaches of the entrance and exit valleys could be mapped. 
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An apparatus for scattering experiments with thermal energy hydrogen atom beams is described; The 
atoms are generated by dissociation of H, in a tungsten-tube furnace at '-'2700°K, modulated by a me-
chanical chopper, and velocity selected by deflection in an inhomogeneous magnetic field. After passing 
through a scattering chamber containing the target gas, the atoms strike a platinum strip bolometer which 
functions as a catalytic recombination detector (capable of detecting an H beam of '-5X 1010 atoms cm'• 
sec). Measurements of the velocity dependence of the total collision cross section in the range 3 to 11 x 10' 
cm/sec (equivalent to 0.05 to 0.5 eV) are given for scattering of H atoms from the rare gases, H,, CH 4 , 

C,H,, C,H.4, C,H,, and C(CH3)4. The results show that throughout this range attractive r interactions 
H4 are still predominant for Xe, C,, and C(CH3)4 whereas repulsive interactions are dominant for most of 

the other gases. The data are compared with calculations based on the Lennard-Jones (n, 6) potential 
and with empirical correlations of van der Waals force constants. 

SCATTERING experiments with hydrogen atoms 
are particularly inviting because of the prospect 

for detailed comparisons with electronic-structure 
theory.12  However, because of the detection problem, 
H atom scattering in the thermal-energy range has 
been limited to a few exploratory studies, none with 
velocity selection. 5  This paper describes results ob-
tained with an apparatus built around a simple cata-
lytic recombination detector and a magnetic velocity 
selector. As compared with scattering work on other 
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Edinburgh, Scotland. 

f National Institutes of Health Postdoctoral Fellow. Present 
address: Department of Chemistry, University of California, 
Santa Barbara, Calif. 

National Science Foundation Senior Postdoctoral Fellow. 
Permanent address: Department of Chemistry, University of 
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1 See, for example, J. 0. Hirschfelder, C. F. Curtiss; and R. B. 
Bird, Molecular Theory of Gases and Liquids (John Wiley & Sons, 
Inc., New York, 1954), p.  105011. 

2 Recent calculations include variation treatments of repulsive 
forces for H+He:  (a) E. A. Mason, J. Ross, and P. N. Schatz, 
J. Chem. Phys. 25, 626 (1956); (b) H. S. Taylor and F. E. Harris, 
Mol. Phys. 7, 287 (1963); semiempirical estimates for H±Ne, 
H+Ar, H+H,: (c) E. A. Mason and J. T. Vanderslice, J. Chem. 
Phys. 28, 1070 (1958); (d) 33, 492 (1960); perturbation calcula-
tions of dispersion forces for H+rare gases and H+H,: (e) A. 
Dalgarno, Rev. Mod. Phys. 35, 522 (1963); (f) M. Karplus and 
H. J. Kolker,  J. Chem. Phys. 41, 3955 (1964). Other papers are 
cited in these references and earlier work is reviewed in Ref. 1. 

'E. G. Lunn and F. R. Bichowsky, Phys. Rev. 35, 671 (1930). 
4 H.Harrison, J. Chem. Phys. 37, 1164 (1962), found total 

cross sections of about 50 A' for thermal beams of H scattered 
from He and H,; also, variation of the H.beam temperature 
(which changed the average relative velocity from 7.5-9.2X10' 
cm/sec) indicated the velocity dependence is definitely weaker 
than would be expected for r van der \Vaals forces. 

(a) W. L. Fite and R. T. Brackmann, in A1,mic C011ision 
Processes, Al. R. C. McDowell, Ed. (North-Holland Puhi. Co., 
Amsterdam, 1963), p. 955; J. Chem. Phys. 42, 4057 (1965); 
and (b) S. Datz and E. H. Taylor, ibid. 39, 1896 (1963), have 
reported preliminary work on reactive scattering of H+D, and 
D+H,, respectively. 

61. Amdur and E. A. Mason, J. Chem. Phys 25, 630 (1956), 
H+He; I. Amdur, M. C. Kells, and D. E. Davenport, ibid. 
18, 1676 (1950) have reported high-energy (>100 eV) scattering 
experiments on H+H, which give information about the repul-
sive potential at distances within 1.2 A. 

2 

species,7  these results are rather primitive and give 
only the velocity dependence of the total elastic scat-
tering, but these data can be compared with theoretical 
calculations and empirical correlations - to establish 
some of the main qualitative features of the inter -
action of H atoms with rare gases and simple hydro-
carbons. 

APPARATUS 

Figure 1 gives a general view of the apparatus and 
Fig. 2 the beam geometry. The vacuum system consists 
of two differentially pumped chambers. One contains 
the H-atom oven (labeled D in Fig. 1) and is pumped 
through a water-cooled baffle by a 5-in.-diam oil dif-
fusion pump. The other chamber (connected by a slit 
0.40 mm wide by 1.0 cm high in Bulkhead F) contains 
the beam modulator (H), magnetic velocity selector 
(J), scattering box (M), and bolometer detector (P) 
and is pumped through a liquid-nitrogen-cooled baffle 
by a 7-in.-diam oil diffusion pump. The main chamber 
also contains a 15-liter liquid-nitrogen trap (not shown 
in Fig. 1) which supports a cold shield (R) that sur-
rounds the scattering region. Typical ion gauge read-
ings during an experiment are IX107 4  torr in the oven 
chamber and 5X10-7  torr in the main chamber. 

Hydrogen-Atom Oven 

The H atonis are generated by thermal dissociation 
of H2  in a tungsten tube furnace. In preliminary work, 
we used furnaces fashioned either by clamping to-
gether half.cvlinders of tuiigsten formed by grinding 89  
or by roliink up thin tungsten foil.' 0  The use of a 

For revir:ws see (a) R. B. Bernstein, Science 144, 141 (1964); 
(b) H. Pauly. and J. P. Toennies, Advan. At. Mol. Phys. 1, 
195 (1965); (c) several articles in Advan. Chem. Phys. 10(1966). 

8 \V. E. Lamb, Jr., and R. C. Retherford, Phys. Rev. 79, 
564 (1950);81, 224 (1951). 

'J. M. Hendrie, J. Chem. Phys. 22, 1503 (1954). 
"W. L. Fite and R. T. Brackmann, Phys. Rev. 112, 1141 

(1958). 
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magnetic velocity selector requires high intensity and 
stable, precise alignment however, and we found that 
much better results could be obtained with a furnace 
made from a solid tube. With this the beam intensity 
for the same background pressure in the oven chamber 
(lx 10 torr) was increased at least fivefold, evidently 
by elimination of leakage of H 2. The tube is made" by 
drilling with a tungsten carbide drill a 3.0-mm-diarn 
axial hole through a 5 cm length of •10-mm-diam 
swaged tungsten rod. The central 4 cm length of the 
tube is then ground down to 4.5 mm o.d., leaving 
shoulders of width about 0.5 cm on each end with the 
original diameter. A 0.05-mm slit 10 mm long is cut 
through the tube wall using an oil-immersion spark 
machine. 12  The tube is mounted vertically, with its 
shoulders inserted into water-cooled copper blocks. 
The H2  gas is fed into the top end of the tube, which 
is rigidly clamped. The bottom end is blanked off 
and is free to slide between spring-loaded jaws which 
maintain thermal and electrical contact but allow 
thermal expansion. The copper mounting blocks are 
supported by a rigid framework (labeled D in Fig. 1) 
to prevent lateral strains from buckling the tungsten 
tube. This framework is mounted on a carriage which 
can be traversed by a micrometer screw (E) from 
outside the vacuum chamber so that the oven can be 
accurately positioned during operation. The tube is 
heated by passing a current of '--'500 A at .6 V between 

NO 

FIG. I. Diagram (not to scale) of apparatus: (A) copper tubing 
U in. diam) supplying electric current and cooling water to tung-
sten oven; (B) H2 supply tube; (C) oil diffusion pumps; (D) 
hydrogen oven and supporting framework; (E) traverse control 
for aligning oven; (F) water-cooled radiation shield separating 
chambers; (G) beam flag; (H) chopper wheel and motor; (I) 
magnet entrance slit; (J) deflecting magnet; (K) magnet exit 
slit; (L) motor for traversing magnet exit slit; (M) scattering 
chamber; (N) scattering chamber traverse control; (0) scatter-
ing-chamber rotation -control; (P) bolometer detector; (Q) 
bolometer traverse control; (R) cold shields. 

"We are much indebted to G. Pisiello, who devised this method 
of constructing the tungsten oven. 

"Eleroda Model Dl, Charmilles Engineering Works, Ltd., 
Inc., Geneva, Switzerland. 
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FIG. 2. Beam geometry. Slitwidths are shown above the beam 
line and distances between the elements are shown below (all 
in millimeters). S 1  denotes the oven slit, S2 and S, the entrance 
and exit slits for the magnet, S 4  and S, the slits for the scattering 
chamber, and D the detector filament. - 

the copper blocks. The operating temperature is 
usually in the range 2700 °-3000°K (measured with 
a pyrometer) and the 112 pressure is '—'0.5 torr. The 
dissociation of 112 is >60% in this range. 9  The operat-
ing lifetime of these ovens (provided the mounting is 
strain free) is limited by evaporation to '--'300 h. 

After entering the main chamber the beam is modu-
lated, usually at 10 cps, by a rotating chopper disk 
(H) driven by a synchromous motor. 13  The chopper 
also interrupts a light beam at this point and thus 
provides a reference signal, via a phototransistor and 
amplifier, for phase-sensitive detection. The beam may 
also be interrupted by a mechanical flag (G). 

Magnetic Velocity Selector 

The inhómogeneous deflecting magnet (J) velocity 
selects the H atoms and also separates them from un-
dissociated H2  molecules and from most of the modu-
lated infrared signal emitted by the oven. Magnetic 
velocity selection has occasionally been used for alkali 
atom beams,' 4 ' 6  although the customary rotating-disk 
selectors provide much better resolution. Above 2500°K 
the maximum intensity in the H atom velocity dis-
tribution' 6  comes above 9X10 5  cm/sec, and with a 
mechanical selector it is difficult to go this high. 17  

The magnet used has the traditional "two-wire" pole-
tip configuration,' 8  with dimensions shown in Fig. 3, 
and is 11.6 cm in length. Details of construction and 
calibration have been given elsewhere.' 9  The exciting 
current, up to 100 A, is provided by a transistorized, 
well-regulated dc power supply. 20  The maximum field 

U Type SC, Globe Industries, Inc., Dayton, Ohio. 
"V. W. Cohen and A. Ellet, Phys. Rev. 52, 502 (1937). 
' (a) H. H. Brown, Jr., K. Lulla, and B. Bederson, in Atomic 

Collision Processes, M. R. C. McDowell, Ed. (North-Holland 
PubI. Co., Amsterdam, 1963),p921; (b) B. Bederson and K. 
Rubin, A.E.C. Tech. Rept. No. NYO-10, 117, New York Uni-
versity, 1962; (c) K. Lulla, H. H. Brown, and B. Bederson, 
Phys. Rev. 136, A1233 (1964). 

16 This refers to the intensity distribution transmitted by. the 
selector (see Ref. 7), which has the form v4  exp(—v3/2) with 
maximum at (2)1 a, where a is the most probable velocity in the 
Oven. 

17  S. M. Trujillo, P. K. Rol, and E. W. Rothe, Rev. Sci. Instr. 
33,841 (1962). 

18 See, for example, N. F. Ramsey, Molecular Bea,n (Claren-
don Press, Oxford, England, 1956), p. 400. 

"R. R. Herm and D. R. Herschbach, UCRL Rept. 10526, 
Lawrence Radiation Laboratory, Berkeley, California, 1962. 

n Regatran Series TO, Electronics Measurements Co. of Red 
Bank, Eatontown, N.J. 
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• 	0.071 _..L._ 0.093 - 	
motor." This allows the position of the exit slit to be 
adjusted in increments of 0.0064 mm. 

As indicated in Fig s  1, in operation the exit slit is 
offset from the original beam axis and thus transmits 
only one of the spin states (that deflected away from 

	

0.099- 	the convex pole tip) with a relatively 'narrow band 
of velocities (see Fig. 4). At the center of the slit 

.0!25 . 

the transmitted velocity is proportional to the square 
root of the magnet current (in the linear region) and 
inversely proportional to the square root of the slit 

O0 

	

	
offset, whereas the relative width of the transmitted 
velocity band, tv/v, is one-haff the ratio of the slit- 

	

/ 	width to the slit offset." In the present experiments 

0.0625 

L 

FIG. 3. End view of magnet pole tips (dimensions in inches). 

is 15 kG and the field strength is linear with the 
exciting current up to 8 kG. In the part of the gap 
traversed by the beam the ratio of the field gradient 
to field is (ÔH/äz)H 1 -'6 cm', as calculated from 
the pole-tip geometry. A fixed slit 0.051 mm wide 
and 3.0 mm high (I) collimates the beam at the 
entrance to the field and another slit 0.076 1 mm wide 
and 4.0 mm high (K) at the exit is mounted on a 
micrometer screw traverse (L) driven by a dc stepping 
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FIG. 4. Sample calculations of velocity bands for hydrogen 
atoms transmitted by the magnet for three values of the field 
strength (2.0, 4.5, and 6.5 kG, respectively, for Bands a, b, c). 
Arrows indicate the median velocity in each band (5.2, 7.7, and 
9.2X1(' cm/sec, respectively). The magnet exit slit is offset 
0.020 cm and the temperature of the incident beam is 2700K. 
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FIELD STRENGTH (KILOGAUSS) 

FIG. 5. Hydrogen atom signal intensity as a function of magnet 
field strength. The curves are calculated for three positions of 
the magnet exit slit and a beam temperature of 2700°K. The 
points (, 0, 0, 0) are signals read on the bolometer detector 
in separate experiments, each normalized to the calculated curve. 

the velocity spectrum was always scanned (see Fig. 5) 
by varying the magnet current with the slitwidth and 
offset fixed. 2' 

21 Slo-syn Type SS25, Superior Electric Co., Bristol, Conn. 
' These are idealized relations, derived from the elementary 

deflection formulas given in Ref. 18, pp.  89-100, for the case in 
which the parent beam has negligible width. The computer 
program used for the velocity calibration and the calculation of 
Figs. 4 and 5 takes account of the (approximately trapezoidal) 
shape of the parent beam and also the blight variation in the 
field gradient with the position of the beam within the magnet 
gap. The essential features of this computation have been de-
scribed in Refs. 15(b) and 23. 

' An alternate mode of velocity analysis (not used here) is 
described by M. A. D. Fluendy, J. Sci. Instr. 42, 489 (1965). 
In this exit slit is not offset and the velocity spectrum is derived 
by applying an "unfolding" technique to measurements of the 
variation of the transmission with field strength. The results 
agreed closely with the velocity calibration obtained from Fig. 5. 
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The scattering chamber (M) is mounted on a side 
flange equipped with two control rods (N and 0) 
which allow the chamber to be translated or rotated 
about its front slit so as to intercept the deflected 
beam. The chamber is made of stainless steel. The 
over-all beam path within the chamber is 57 mm, 
including entrance and exit canals each 12.7 mm long, 
0.25 mm wide and 9.5 mm high. The target gas enters 
the chamber via a length of flexible copper bellows 
tubing which passes through the side flange and the 
gas pressure is regulated by a small variable leak.  

order of magnitude of the observed signals indicated 
that a large fraction of the incident H atoms was 
detected. For example, the largest signal obtained 
(80 V, with amplifier gain '--'3X107) corresponds to 
'-'5X10 7  W or the heat of recombinatjon of'--'5X 10 1s 
atoms cm•sec-1. This is about the same as the flux 
at the detector calculated assuming effusive flow from 
the oven (with 10% of the H beam having the proper 
spin and velocity to be transmitted by the magnet). 

PROCEDURE 

Bolometer Detector 

The detector (P) is a very thin Pt strip (10 -3  mm. 
thick, 0.25 mm wide, 6.5 mm long, resistance '-.-'41 cl), 
which apparently functions by catalyzing recombina-
tion of the incident H atoms. The heat liberated is 
detected as a change in resistance of the Pt strip 
which gives rise to an out-of-balance potential in a 
bridge circuit containing the strip as one arm. This 
detector is a slightly modified version of a commercial 
infrared bolometer. 24  The operating conditions and the 
associated electronics have been previously described. 25  
Some difficulty was originally experienced 25  with 
drifts and loss of sensitivity to H atoms due to "poison-
ing" by surface contamination. However, this was 
eliminated by simply modifying the bridge circuit so 
as to pass 8 mA of dc current through the Pt strip 
(rather than the recommended 24  maximum of 4 mA). 

The maximum sensitivity of the bolometer detector 
when used with beam modulation (10 cps) and lock-in 
amplification (equivalent bandwidth '—P0.2 cps) is 
estimated26 . 27  to be '-,1010_1011 atoms cm 2  sec'. This 
compares favorably with the estimated sensitivity for 
universal detectors using electron-bombardment ioniza-
tion and mass analysis," especially since the bolometer 
is much simpler and discriminates more sharply against 
the ambient H2  and other background gases. The 

' 4 Type AT3 bolometer and KWI tuned amplifier, Baird 
Associates, Inc., Cambridge, Mass. 

M. A. D. Fluendy, Rev. Sci: Instr. 35, 1606 (1964). 
According to Ref. 24, the bolometer circuit output is 5 V/W 

of incident energy and the noise power in a 2-cps bandwidth is 
'-'S X 10-" W. Recombinat ion of 2 H atoms/sec yields '-'3.5 X 10-" 
\V/atom. Thus, to give a signal-tonoise ratio of unity within a 
0.2-cps bandwidth, '-40' atoms/sec must recombine on the strip 
(exposed area 0.016 cm'), or atoms cm'sec'. 

21 
 Estithates of the recombination probability for H atoms on 

clean Pt range from '-40% to 100%; for a brief review see B. A. 
Thrush, in Progr. Reaction Kinetics 3, 63 (1965). 

See, for example: (a) R. Weiss, Rev. Sci. Instr. 32, 397 
(1961); (b) H. G. Bennewi and R. Wedemeyer, Z. Physik 
172, 1 (1963); (c) G. 0. Brink, Rev. Sci. Instr. 37, 857 (1966); 
The estimate given by Weiss (10-100 fold more optimistic than 
others) for an Ar beam (with background vacuum 3X10 9  
torr) corresponds to a noise equivalent sensitivity of 2 )< 10 8  
atoms cm'•sec'. For an H-atom beam the inefficiency of ioniza-
tion and interfering background would be much more severe 
(cf. Refs. 4, 5) and the sensitivity is estimated to be no better 
than '-'101? atoms cm.sec-' (even if the detector chamber 
vacuum were still '--1O torr), 

The primary data for a run consist of bolometer 
readings taken at 10 settings of the magnet current, 
first with and then without the scattering gas present. 
A programmed switching device made the scan of 
the magnet current and data collection automatic. A 
single scan required 20-30 mm. Before each run the 
scattering chamber pressure was adjusted to give 
45%-55% attenuation of the H beam. This pressure 
was typically '—'10 torr, and the chamber tempera-
ture was 210°K. Many runs were made for each 
scattering gas (at least six, usually 10-20); the runs 
were simply repeated and averaged until the variation 
of the relative cross section with velocity appeared 
to be well established. 

The velocity calibration was derived from a previous 
calibration of the field strength versus magnet cur-
rent19  and a computer program21  which calculates the 
velocity distribution of transmitted H atoms as a 
function of the field strength, slit offset, and beam 
temperature, assuming effusive flow and a Maxwelliari 
distribution within the oven. For the conditions used 
in most of the runs (field Z 8 kG, slit offset =0.020 cm, 
T=2700°K), the calculated velocity resolution was 

as illustrated in Fig. 4, and the mean 
H-atom velocity v (in 105  cm/sec) was related to 
the field strength 3C (in kilogauss) and the magnet 
current (in amperes) by v = 3.623c'I2  = 1 .1g1I2 Despite 
this indirect means of establishing the velocity calibra-
tion, the magnet scans made without scattering gas 
show good agreement with the calculated velocity 
distribution, as illustrated in Fig. 5. Similar agreement 
was found in other experiments using the straight-
through configuration. 21

. 29  

The relative H atom intensity wasobtained. by 
averaging the bolometer signals at each setting of the 
magnet current and subtracting . the signal recorded 
at zero field. For the offset-slit configuration the zero-
field signal is due entirely to the infrared background 
caused .by oven light reflected from the magnet pole 

' As in Refs. 23 and 25, in calculating the curves of Fig. 5, 
we added the kinetic energy of impact (which reaches '--'10 
kcal/mole near the high end of the velocity range) to the heat of 
recombination. (51.5 kcal/rnole per H atom). For the cross-
section measurements no correction for the kinetic energy is 
required since it cancels from the intensity ratio f/I,, at each fixed ve'ocity. 
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FIG. 6. Velocity dependence of scattering of hydrogen atom's 
from r,ire gases. LogQ is plotted versus logy; values of the velocity 
derivative, S = - a logQ/a logy, corresponding to the straight 
lines shown are given at the right-hand side. For H+Kr several 
points obtained with the magnet exit slit offset by 0.015 cm rather 
than 0.020 cm are included (shown by a's). 

pieces. This background was usually 10%-30%  as 
large as the maximum H atom signals but remained 
constant within <5% (independent of the magnet 
current or presence of scattering gas). The H-atom 
signal/noise ratio typically ranged from 1-2 for points 
taken at the lowest velocity with the attenuated beam 
to 60-80 for points taken in the 10 1-cm/sec region 
with the unattenuated beam. 

As no attempt was made to determine absolute 
cross sections, the data give only the relative change 
in cross section with velocity. Thus, the relative cross 
section Q = K log (Jo/I), with K left as an undeter-
mined constant and I/I, the ratio of H atom intensities 
with and without the scattering gas present.'° Cor-
rections73' for thermal motion of the target gas were 
negligible, except for H 2  and He, because of the high 
velocity of the H beam. Also, according to the usual 
criteria , 7 , 32 the angular resolution in these experiments 

O Beer's law behavior was confirmed in auxiliary experiments 
carried out with a tenfold variation in the scattering-gas pressure. 
This offers further evidence for the linearity of the bolometer 
response (cf. Ref. 25). 

"K. Berkling, R. Helbing, K. Kramer, H. Pauly, Ch. Schlier, 
and P. Toschek, Z. Physik 166, 406 (1962). 
 33  F. von Busch, Z. Physik 193, 412 (1966). For our apparatus, 
the laboratory resolution angle as defined by Kusch is e=4.8 '  
(nominal scattering angle for which 50% of the H atoms miss 
the detector).  

was sufficiently good to permit observation of the true 
velocity dependence as determined by the quantum 
limit of the small-angle scattering; this is primarily 
due to the kinematic leverage provided by the small 
mass of the H atom. 

RESULTS AND DISCUSSION 

Figures 6-8 show the results, with the data for the 
various systems arbitrarily spaced along the ordinate 
scale for the purpose of comparison. The velocity 
dependence is characterized by the slope of these 
plots, or the logrithmic derivative, S = —0 logQ/0 logy. 
The value of S corresponding to the mean slope or the 
limiting slope at high velocity is indicated at the right 
for each system. The experimental uncertainty in S 
is about ±0.03, as judged from comparison of replicate 
sets of runs. 

Relation of Cross Section to Potential 

The main qualitative features of Q(v) are readily 
inferred from semiclassical-scattering theory. 7  The 
magnitude of the cross section is approximately Q 
27rb02, in terms of an impact parameter such that for 
b3 b0  the scattering angle calculated from classical 

0.27 

0.18 
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I-I ATOM VELOCITY (105 cni/sec) 

Fic. 7. Scattering of hydrogen atoms from molecular hydrogen, 
methane, ethane, and .neopentane (notation as in Fig. 6). 
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mechanics becomes smaller than the transverse spread-
ing of the particle's wave packet required by,  the 
uncertainty principle. For realistic intermolecular po-
tentials this occurs where the semiclassical phase shift 
i(b) drops below about rad. When the collision 
velocity is increased, the potential has less time to 
act, and, the region in which the scattering is strong 
enough to be compatible with the uncertainty principle 
shifts to smaller distances. Thus, b0  and the cross 
section decrease with increasing velocity at a rate 
which reflects the dependence of the potential on 
distance. 

This behavior is illustrated in Fig. 9, which shows 
Q(v) for Lennard-Jones (n,6) potentials with n=8, 
12, and 20 as calculated from the semiclassical Landau-
Lifschitz approximation (see the Appendix). Reduced 
variables are used, defined by Q*=Q/7rr,,2  and D' 
2€rrn/hv, where fm  is the radius of the potential mini-
mum and e its depth. For comparison, dashed lines 
are included to show the cross sections calculated 
for the separate terms of the potential; the velocity 
dependence is j-2I5  for the ,.-6  term and v-21(n--.I)  for 
the r-" term. 

At low reduced velocities (D3 3), the critical im-
pact parameter is considerably larger than the po-
tential-well.radius (b0 9 1.7rm) and Q(v) is determined 
almost solely by the long-range attractive r -6  inter-
action.14  At sufficiently high velocities (DZ 10-2), 
where the attractivinteractions become too weak to 
satisfy the uncertainty principle, the critical impact 
parameter is appreciably less than the well radius 
(bo Z 0.8rm) and Q(v) is determined by the short-range 
repulsive wall. At intermediate velocities (near D1, 
where b1çrm ), the cross section shows a steep transi-
tion region which is governed by the form of the 
potential 'well. 

Qualitative Analysis of Data 

The progression in Q(v) seen in Fig. 6 is qualita-
tively similar to . that found in scattering of other 
species from the rare gases. For H+Xe the strength 
parameter €r,,, is evidently large enough to make the 
attractive interaction dominant throughout the experi-
mental velocity range: Since this requires D 2 or 3 

L. D. Landau and E. N. Lii shitz, Quantum Mechanics 
(Pergamon Press, Ltd., London, 1958), p.  416. 

In the low-velocity realm there also appears an undulatory 
fine structure due to interference effects (see Fig. 9), and this 
offers the best available means to determine er,,, accurately 
(Refs. 7 and 35). However, the undulations are likely to blurred 
out entirely by our poor velocity resolution. 

"(a) Li atoms:-E. W. Rothe, P. K. Rol, and R. B. Bernstein, 
Phys. Rev. 130, 2333 (1963); (b) K atoms: D. Beck and H. J. 
Loesch, Z. Physik 195; 444 (1966); F. von Busch, H. J. Strunck, 
and C. Schlier, Phys. Letters 16, 268 (1965); (c) He atoms: 
R. Duren, R. Feltgeñ, R. Helbing, and H. Pauly, ibid. 18, 282 
(1965); H. J. Beier, ibid. 18, 285 (1965); (d) H, molecules: 
R. Feltgen, W. Gaide, R. Helbing, and H. Pauly, ibid. 20, 501 
(1966); (e) Metastable He atoms: E. W. Rothe, R. H. Neynaber, 
and S. M. Trujillo, J. Chem. Phys. 42, 3310 (1965). 
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Fic. 8. Scattering of hydrogen atoms from acetylene, ethylene, 
and ethane (notation as in Fig. 6). 

for v Z lix 10' cm/sec, we obtain a rough lower limit: 

	

er,,,> 10-20X10—  erg.cm. 	(la) 

For H+Kr the Q(v) shows pronounced curvature and 
hence appears to fall in the transition realm. Thus, 
D1 for tv3 to 7X10' cm/sec and 

	

er.f-- 1.5-4X 10- 21  ergcm. 	(ib) 

For H+Ar, Ne, He the low slopes, observed indicate 
the €Tm 'S are so small that repulsive interactions remain 
dominant even at the lowest experimental velocity. 
This requires D Z 1 for v> 3X10-' cm/sec and provides 
a rough upper limit: 

	

erm2X10erg'cm. 	(ic) 

The same qualitative considerations apply for the 
molecules of Figs. 7 and 8. Since the electronic ground 
state is 1Z for all of these molecules the scattering in-
volves only one potential curve and the leading term 
in the attractive part is again r'6. A host of inelastic 
rotational, vibrational, and. chemical transitions can 
occUr. However, the range of impact parameters for 
which these inelastic processes become important is 
expected to be well inside the critical b0  defined by the 
"pseUdo two-body," spherically symmetric part of the 
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0 

FIG. 9. Variation of (a) reduced cross section Q* and (b) logrithmic velocity derivative S with reduced reciprocal velocity parameter 
D for the Lennard-Jones (n, 6) potential, with n = 8, 12, and 20. The dashed lines show the results for the separate terms (r  and 
r) of the potential. 

potential (except perhaps at the highest velocities). be a Breit-Wigner resonance 36  associated with an 
Hence it is not surprising to find that the Q(v) appear excited state or decay channel of the ethyl radical 
so similar to those for atom-atom systems of corn- but it may be merely a poorly resolved undulation of 
parable size. The rough estimates given in Eq. (1) the usual kind.35  
accordingly can also be assigned to (a) H+C ( Cl3) .4  Firm conclusions about the form of the potential 
and C2114 ; (b) H+C2H6 and C2112 ; (c) H+CH4  and H2, functions and values of the Jmeters must await 
respectively, experiments with a wider •  vé1city range or higher 

An 	alternative interpretation is possible for 	the resolution. However, the6bserved slopes for H+Ar 
systems assigned to the transition realm 	(H+Kr, and Ne indicate that t.true potentials differ sub- 
C2H6, and C2H2). As indicated in Fig. 10, the data stantially from the cust61ary U 	(12,6) model. This 
match fairly well the calculated transition behavior may be illustrated byomparis6n with Fig. 9(b). 
but could 'be attributed instead to undulatory fine 
structure5' superposed on an S=0.40 slope. The velocity 

5I 	 I 
range covered is too narrow to indicate clearly the 
"wavelength" of this structure. However, calculations - 
using formulas7 ' 35  based on the U 	(12,6) potential 
show 	that this interpretation would require 6Tm - 
15-35X1Q' 	erg. cm  for these systems. Except perhaps 
for H-I-C21- 6, where the deviations from the S=0.40 - 	 \, 
line are rather small, this interpretation seems un-  
likely in view of our poor velocity resolution and our 
failure 	to 	observe 	undulatory 	structure 	for 	other 
systems that can definitely be assigned to the attractive n • 8 	12 	20 

realm (H+Xe and neopentane). Also, from results I 	t 	
I  I 
	 I  

I  
for other systems, 35  we would not expect to find both 3 	5 	7 	10 	15 

H+Xe and H+Kr in the attractive realm when H+Ar H ATOM VELOCITY (I0 5 cm/sec) 

is in the repulsive realm. FIG. 10. Comparison of Q(v) for systems assigned to the transi- 
r 	 -' 	th 	cr0 s 	" 	h w 	a distinct or 	2 	e 	s 	sec ion s 0 , 1 

tion realm, H+Kr (0), C,H 	(X), and C3H, (+). The solid 
curve shows the transition behavior calculated for a U 	(12, 6) 

"bump" in the region v = 8.5-9.5 X 101  cm/sec (corre- potential with D = 1 for v= 5.3 X 10' cm/sec (corresponding to 
sponding to 0.38-0.47 eV in the relative kinetic energy). €rm=2.8Xl0 	erg.cm). Practically the same curve is obtained 

This feature 	s well outside experimental scatter., It i 
for U 	(8, 6).and (20,6) potentials with D = 1 for v=3.4 and 
7.1X10' cm/sec, 'respectively. The dashed curve indicates the 

appeared consistently in sets of runs made several S =0.40 slope which would apply in the attractive realm. 

months apart and compared directly with concurrent 
runs on 'the H+Xe  system. The bump could possibly 38  See, for example, Ref. 33, pp. 440-449. 
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For all of the systems studied we expect 6Ym>0.1X1O 22  
erg.cm (see Fig. 11), which corresponds to D>0.01 
for our velocity range. Thus, although we cannot assign 

.the precise position along the D scale, the data for 
H+Ar, Ne, He, and H2  evidently should be located 
near the region where the Iope passes through a 
minimum. With allowance for experimental uncertainty 
of ±0.03 in S, this implies that the slope found for 
H+Ar is too high to fit any LJ potential with n 8, 
whereas the very low slope found for H+Ne indicates 
a much higher index, nominally n3 15. The slopes for 
H+He and H2  are roughly compatible with 153:n3:8. 
The estimates found in Eq. (1) are intended to include 
some leeway for the uncertain form of the potential 
(but assume n'-'8-20). The data were also compared 
in the same way with Q(v) functions calculated31  for 
Buckingham exp-6(a) potentials (with a= 10-20), but 
no qualitatively significant differences from the LJ case 
appeared (again, for D> 0.01). 

Correlation of Potential Parameters 

In Fig. 11 the rough bounds on the strength param-
eter EYm given in Eq. (1) are compared with parameters 
predicted from f9ur semiempirical procedures and with 
the experimental results for scattering of He and Li 
atoms from rare gases. A theoretical result 38  for the 
H+H interaction in the state is also included. 
The U (12,6) potential was assumed for both the 
semiempirical metho& and the analysi05  of the scatter-
ing data. Also, for the sake of consistency, the well 
radius Tm used for the abscissa was taken as the sum 
of effective atomic radii. 39  (The available scattering 
data are insensitive to Tm.) For the rare gases the 
radii were obtained from transport properties 4° and 
for H and Li from an empirical correlation 4' of van 
der Waals and bonding radii. 42  The procedures used 
to predict €Tm values are listed below (as numbered 
in Fig. 11). 

(1) Theoretical values 2e of the dispersion force con-
stant C for the leading term of the potential (— C/r°) 
were used with the U (12,6) relation 

C=2€Tm . 	 (2) 

rhe C's are expected to be accurate within '—'10% 
(extrapolations had to be made for H and He with Kr 
rnd Xe) whereas Eq. (2) is found to hold within 
etter than a factor of 2 for many like-like inter- 

7 R. B. Bernstein, J. Chem. Phys. 38, 515 (1963). 
" W. Koos and L. Wolniewicz, J. Chem. Phys. 43, 2429 

1965). 
"These radii are:He 1.44; Ne 1.55; Ar 1.92; Kr 2.02; Xe 2.29; 

1 1.30; Li 2.65; He (1:2: 'S state) 3.10; H, 1.66 (in angstroms). 
40 Reference 1, p. 1212 of Notes Added in Second Printing 

1964). 
' J. 0. Hirschfelder and M. A. Eliason, Ann. N.Y. Acad. Sci. 

7, 451 (1957). 
42 J. C S!ater, J. Chem. Phys. 41, 3199 (1964).  
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FIG. 11. Comparison of the strength parameters er for scat-
tering of H, He, and Li atoms from the rare gases. Solid symbols 
indicate results derived from experiments, open symbols results 
predicted from semiempirical correlations. 

actions.43  Since the result obtained is quite sensitive 
to the choice of Tm, in Fig. 11 the range corresponding 

± to a change of 0.20 A in Tm is indicated (dashed 
segments). This procedure gives very good agreement 
with the He scattering data and rough agreement with 
the Li data. However, it considerably underestimates 
the H+Xe interaction and probably overestimates 
H+Ar, Ne, He; thus, the trend in deviations indicated 
by the Li results appears to be amplified in the H-atom 
scattering. 

Johnston" has pointed out that an empirical 
correlation of spectroscopic vibrational force constants 
with bond length gives reasonable results when ex-
tended to van der Waals interactions of the rare gases. 
Force constants obtained from his correlation were 
used with the U (12,6) relation 

F=72€/Tm2. 	 (3) 

For the He and H interactions this gives results close 
to Method (1) but for Li it is more than an order-of-
magnitude low. 

Since the vibrational force constants for all 
molecules containing an alkali atom are found to lie 
well above the correlation curves used by Johnston," 
we "recalibrated" his method to fit the spectroscopic 
data for the ground X ' and first excited A ' states 
of the alkali hydrides." For the A 'Z states the equi-
librium bond lengths are very large (e.g., 2.60 A for 
Liii, 3.87 A for CsH) and thus no extrapolation is 
required to reach the van der Waals realm (e.g., the 

See, for example, (a). Ref. 1, p. 966; (b) W. Brandt, J. 
Chem. Phys. 24, 501 (1956); Discussions Faraday Soc. 40, 
279 (1965). 

H. S. Johnston, J. Am. Chem. Soc. 86,1643 (1964). 
For references, see Y. P. Varshnj and R. C. Shukia, Rev. 

Mod. Phys. 35, 130 (1963). 
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estimated Tm  value39  is 2.7 A for H+He,  3.6 A for 
H+Xe). However, the results obtained from this pro-
cedure are definitely much too high (except possibly 
for H+Xe). 

(4) When, plotted as loge versus Tm the datam  for 
scattering of alkali metals and metastable He atoms 
(ls2s configuration) from rare gases fall on smooth 
curves, one curve for eacb7 rare gas (after slight ad-
justments to conform to our choice of standard radii 39). 
Linear extrapolation of these curves provided another 
set of estimated er,,,'s for H atom scattering. This 
comes closer to the experimental results than the other 
procedures. 

For H+H2,  theoretical calculations' .2  give 6Tm 

1.2-1.6X10'' 3  erg.cm and Method (1) gives 1.8X10 
erg. cm ; thus, according. to Eq. (ic), both are com-
patible with the experimental results. 

For the hydrocarbon molecules, transport proper-
ties40  indicate the like—like interactions are quite similar 
for CH4  and Ar; for C2H2  and Kr; and for C 2H4, C2116 , 

and Xe. This correspondence seems to carry over 
nicely to H-atom scattering (except possibly for H+ 
C2118, for which the proper interpretation of the data 
is uncertain). For K+C (CH,) 4 , rainbow scattering 
experiments46  give e = 0.42 kcal/mole. An extrapolation 
parallel to the curves of Method (4) predicts Tm'"15 
20X10' 3  erg•cm for H scattering (with Tm 46 A), 
consistent with the experimental bound given in Eq. 
(la). 

It is particularly interesting to note that in terms of 
the well depth the H+Xe  interaction is appreciably 
stronger than Li+Xe.  Thus, with r,,,'—'3.6 A, Eq. (la) 
gives as a lower bound c-5 0.4-0.8 kcal/mole for H+Xe, 
compared with —'0.2 kcal/mole35a  for Li+Xe. 
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APPENDIX 

The calculation given here extends the Landau-
Lifschitz (LL) approximation 7 "3  to a potential con- 

taming two inverse power terms, 

V(r) =CmY+CnY. 	 (Al) 

In the semiclassicalformulation, 7  the cross section is 
an integral over the "target area" corresponding to a 
continuous distribution of impact parameters: 

Q f I T(b) 12d(7rb2). 	( A2) 

The weighting factor I T(b) 1 2 =4 sin2 (b) measures 
the strength of the scattering in terms of the phase 
shift function ,(b), which is in turn related to the 
classical angle of deflection via 

,(b) =k f ®(b')db', 	 (A3) 

where 1/k=F/1zv is the de Broglie wavelength. In the 
weak collision realm i (b) may be calculated either from 
the Jeffrey—Born approximation 'or by use of (A3) 
with the classical small-angle formulas. 7  The result is 

(b) = _lk" 	 (A4) 

	

2mU 	2 

where 
K=2Cf(n)/hv, 

f(n) =F(n—)/F(n). 

The LL method consists of evaluating (A2) with the 
use of (A4) over the whole range of impact parameters. 
The formula (A4) is only valid for the region b$ b, 
in which (b) rad. However; this region essentially 
determines the ma'gnitude of Q since  I T(b) I 2 _0 very, 
rapidly there. For the stronger collisions which occur 
at smaller impact parameters the actual form of (b) 
is unimportant. 3347  There (b) is large so the weighting 
factor oscillates 'rapidly and in effect the target area 
is almost uniformly weighted by the random phase 
average, I T(b) 1 2 =2; this differs from the classical 
result, T(b) = 1, only because of shadow scattering. 
After integrating (A2) by parts, we find 

Q = 2irK,,sI(s, 1) +2irKnt'I(s', (), 	( A5) 

where 

Slfl(KmX'+KnX t)dX. 

in the first term, x=b" 3  and 

	

s= (in— l)/(rn-3) ; 	1= (n— 1)/(m-3) 

In the second term, x = b— " 3  and 

	

= (m— 1)/(n-3) ; 	1' = (ii -  1)/(n-3). 

E. F. Greene, A. L. Mowsund, and J. Ross, Advan. Chem. 	47 R. B. Bernstein and K. H. Kramer, J. Chem. Phys. 38, 
Phys. 10, 135 (1966). 	 ., 	 2507 (1963). 
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For rn<n, we have s<l and s'<l' and the integrals 
may be evaluated from a series expansion, 48  

I(s, t) =t- ' 	AN(a)K mNK m a, 	 (A6) 

where 
AN(a) =[F(a) sin4ir(a—N)]/N! 

and a= (Ns+1)/t. Since this series is absolutely con-
vergent, the calculation places no restrictions on (Al) 
except for rn<n; negative values are allowed for either 
or both of the potential constants C. and C,. 

For the Lennard-Jones (n, rn) potential, the Constants 
are related to the depth e and radius r. of the well by 

Cm = - [n/ (n - rn) ]€Ym", 	Cn [m/ (n—rn) ] Tmm . 

In terms of the customary reduced units, b* = b/Tm , 
Q t=Q/rir,,2,  D=2fTm/hV, the result (A5) becomes 
Q* 2D{ _[n/(n_m)]f(m)sI*(s, 1) 

+[rn/(n —rn) ]f(n) 1#J*(l, 1') }, (Al) 

where the integrals I*(s,  1) are evaluated from (A6) 
with K. and K. replaced by 

Km*=Km/Tmm_1 = [n/(n—m)]f(rn)D, 

= Kn/rm" = [rn/ (n - m) ]f(n) D. 

At the high-velocity limit corresponding to D—*0 
(or for C. or Km 0) only the N=O term of (A6) 
contributes and 

Q*2 I [n/(n—rn)]f(n)D 1 2/(a_i) 

XF[(n-3)/(n-1)] cos[w/(n-1)]. (A8) 

The same formula with m and. n interchanged is ob- 
tained from (AS) at the low-velocity limit where 
D—+ co (or for.  Cn  or K—i0). This is the original 

' D. Bierens de Haan, Nouvelles Tables, D'Integrajes De6nies 
(Hafner Pubi. Co., New York, 1957), p. 108.  

in evaluating terms with N> 30. 
For the high-velocity region (D 1), Bernstein 31  has 

provided tables of the LJ(n,6) cross sections derived 
from the Massey—Mohr (MM) approximation. Com-
parison with (A7) shows that at the high-velocity 
limit L'= (QLL*_QMM*)/QLL* is 6.1%, 4.6%, and 3.0% 
for n=8, 12, 20, respectively. This is as expected 
from the results for one-term potentials, which indicate 
that the LL 'result is to be preferred (as it agrees within 
'—'0.5% with an "exact" partial-wave calculation for 
an r-12  potential) At lower velocities, approaching 
the transition realm, A decreases appreciably and for 
D.1 it is Z 1% for n=8-20. Several partial-wave 
calculations are now available for the LJ(12,6) p0-
tentialn.49 but in the region DZ 2 these disagree by 
—..5%, presumably due to truncation errors. The LL 
result is slightly (Z 3%) above these calculations. As 
expected, (A7) gives good results only for the mean 
cross section and does not accurately represent the 
undulatory structure which appears in the low-velocity 
region D 3. This would require the addition of further 
terms in (A4) to improve the approximation of the 
phase shift. However, accurate formulas for the un-

- dulations are already available. 50  

"R. Helbing, Ph.D. thesis, Bonn University, 1966. 
0 R. B. Bernstein and T. J. P. O'Brien, Discussions Faraday 

Soc. 40, 35 (1965), and papers cited therein. 

Landau—Lifschjtz result for a potential with a single 
inverse power term. 13  Thus, the formula (A7) for the 
two-term potential is an expansion in powers of D 
about the high-velocity limit. The number of terms 
required increases rapidly as D increases or as n - rn 
decreases. For D 1.3 and m=6, n> 8 the first 30 
terms are sufficient to obtain Q* within 1%; for D.13 
about 100 terms are required. The convergence is 
much more rapid with potentials for which C. and C.  
have the same sign. Stirling's approximation was used 
in the form •  

lnp(z) = (z—) lnz—z+ ln(2ir) +(12z)'— (360z3)' 
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The small angle dependence of the differential cross-section for the elastic scattering of Na by K 
has, been measured at relative velocitites from 936 to 1420 m sec' using a crossed-beam technique. 
Quantum undulations in the cross-sections were observed at laboratory angles less than 2° and their 
origin is discussed. The positions of the observed peaks together with a singlet potential obtained 
from spectroscopic data yield information on the long-range dispersion forces and the triplet potential. 
For the triplet potential with an assumed Lennard-Jones 8 : 6 form the best agreement found between 
observation and forward calculation yielded c 2 x 10- ' ergs and rm = 56 A, though the fit is not 
perfect. 

Colliding alkali metal atoms interact by a potential 'corresponding to either the 
singlet or the triplet molecular state. In the isolated atom pair, spin flipping due to 
nuclear or spin-orbit coupling is an unlikely process in the ifight time of these experi-
ments. Thus the scattered waves from these two potentials do not mutually interfere 
and the observed scattering 'from unpolarized beams is the degeneracy weighted 
average of scattering from each potential and so the observed differential cross 
section, a(0), is given by 

a(0) = *1 a(0)+ 3c(0). 	 (1) 
For the alkalis these two, potentials are very different, the singlet potential possessing 
a deep well while the triplet potential is mostly repulsive. 

Measurement of the angular dependence of scattering over a range of impact 
energies provides inherently more information than total cross-section measurements 
over a similar energy range, 1  especially if angular structure can be resolved. In this 
work, intensity limitations confined the observations to angles within Ca. 2° of the 
sodium beam. Angular structure can occur in this region for relative velocities 
such that ka 50, where a is a length parameter of the potential and. k[=(2E/h2)+] 
is the wave number of the colliding pair. The angular spacing of the undulations 
in a(0) yields information about the potential. In the present experiments up to 
four such small angle undulations in o(0) have been observed. Interpretation is 
complicated by the operation of two potential functions and while the present results 
alone do not permit both singlet and triplet potentials to be obtained unambiguously, 
a set of potential parameters can be found that is concordant with the observations 
and with other evidence. 

EXPERIMENTAL 

The apparatus consisted of a turntable on which both beam sources, of the usual thermal 
type, were mounted so that their well-collimated beams intersected at 90°. The sodium 
beam was velocity selected. The detector was in a separate u.h.v. chamber and consisted 

*prnt address: 'Lash Miller Chemical Laboratories, University of Toronto, Toronto 5, 
Canada. 
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of a hot 0030 in. wide Re ribbon on whi'ch ionization took place. The resulting ions were 
extracted into a quadrupole mass filter and finally struck an electron multiplier. Each ion 
arrival was counted by a fast scaler and the total arrivals per sec together with other experi-
mental variables (such, as scattering, angle) were automaticallyipunched. on to, paper tape 
for subsequent -comput'er'analysi. The computer anaFysi provided for cross -  correlation 
between the signal and the cross bean, hurst noise:.rejection, deconvolution of the main 
beam width, time normalization(to correct for drifts in beam intensities) and averaging over 
several angular scans..  

The apparatus and associated computer programs will be described in more detail 
elsewhere, but the critical.- dimensions, were, as. follows: Cross, beaim wid.th. 16°; detector 
width, 0i5° (subtended at the scattering centre) ;.main beam width, 012°; effective angular 
resolution after deconvolution, •'-.005°; distance of scattering centre to detector, 275 cm; 
velocity filter resolution = 15 % (FWHM); pressure 'iii experimental chamber during 
operation '2x 10 torr.  

- 	 RESJISTS' 	
- , 0 

Anguhir' scatteving measurements were.mad'e at six different:impact -veloeities 
ranging:  from' 936t'o' 1420rnsec". A- typiaI resuk after - computer- analysi ~- fs ,  shown. 
in fig 1 as a plot of the scattered intensity. I(Ob) O7 agamst °lab Classically 
such a plot would'bè a straight line of zero slope. The undulatory quantum structuie.' - 

is clear. The observed peak positions- for. each- observational energy are shown in 
fig.. 3 and-: are the; aMerage o-f serah angula'r-scaiis.  

I I I 

Fio. 1' —Retraced output 'from coñiputer after analysis. The example is for a relative "velocity 
1420'0:n]l sec'. The scatteringangleis indegre laboratorysystem).- Erroit bars-aretwosamp1e 

- standard deviations in length. 

U, 

I- 

I-- 

N 
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•Fiu 2.—'Forward 'calculation for the spectroscopicsinglet -potential, an assumed triplet potential 
anditheir weighted.sum; ;relativewelocity= 1420 msec 1 . 
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Fio. 3.—Cornparisonof.observcd Speak r0SltlOfl withthose calculated from an :apparatus.averaged 
sum of singlet.and triplet.potentials. The triplet potentialwas.a.LJ..8 : 6.with.c =.2'0xJ0 4..ergs 

and rrn = 5'6'A. 0, expt.; •, theory. 

- 	' 	 .IN.T'E'RPR'ETA-IION- 

The innermost peaks in fig. 3 arise from the finite total cross-seêtion predicted by 
quantum medhanics. 2  -M very 'small -angles the classical Qi'3  dependence '(for an 

vere.six-power potential) changes -to -am.exponential tfrm"that leads 'to a finite 



2030 	 CROSSED SODIUM AND POTASSIUM BEANS 

value of the forward scattered intensity 1(0). The location of this peak is dependent 
to a good approximation only on the long-range attractive force, i.e., on the van der 
Waals C_161  parameter in the present case, which• can be expected to be identical for 
both the singlet and triplet interactions. 

Using the relation 

1(0cm) = A exp (- 
CM 

where cx = 208 k 2 Q/8x and Q_is  the total cross section, we find the first maximum in 
1(0cm ) to be at Urn  = s17/(6ac) (CM coordinates), (for the Na-K system at very 
small angles 0cm  = 159 Olab).  Using the SLL approximation 2 for the cross section 
yields the relation: 

C 6  = 2668 x 10-.30 /k 40 	- 	 (3) 

where z is the reduced mass in a.m.u. Thus 0rn  is very insensitive to C' 6 . so that 
even with good precision (-.'005°). in measuring Urn, C 6  is not well defined. For 
example,with k = 3 x 10 cm-1  an uncertainty of ±005 °  in Urn  leads to a tenfold 
change in The first peaks in the experimental plots (fig. 1 and 3) are consequently 
consistent with either Dalgarno and Davison's," or Buck and Pauly's I value. 

The information available on the K-Na interaction can be summarized as follows. 
(i) The calculation of Ct'6>  by Dalgarno and Davison who give the value 2450 x 
10_60 erg cm6  with an error unlikely to exceed 10 %. (ii) A total cross-section 
measurement .by Buck and Pauly I interpreted via the Massey-Mohr approximation 
to yield a value for C of 1081 x 10_6  erg cm 6. (iii) The. well depth 6  for singlet 
•K-Na, c = 99x 10- ' ergs. (iv) Spectroscopic (RKRV) data for the singlet states 
of Na, and K 2 . 7  Using the potentials calculated from the spectroscopic data, it is 
possible with the help of combination rules to construct a singlet potential for KNa 
using an empirical potential function of the Morse type. This potential will be valid 
at intermediate separations and has a well depth of 99 x 10 13  ergs and r m  = 35 A. 
It was grafted on to a long range R' 6  'term and in view of the difference between the 
observed and calculated 06 > values, two such potentials were prepared, the first 
having Dalgarno and Davison's value and the other. having Buck and Pauly's 
value. 

A calculation of the.apparatus averaged scattered intensity, 1 0(OIab) was then made 
for the singlet potential at a relative velocity of 142 x 103 m sec by summation of 
the partial wave expansion for the scattered amplitude using semi-classical phase 
shifts. The results for the two, values of Ct'6t  were almost indistinguishable, except 
for Ulab<l , where the potential with Dalgarno's C'6)  gave peak positions close to 
those observed experimentally. The forward calculation was then :repeated for a 
number of triplet potentials of the Lennard-Jones 8 : 6 type all having Dalgarno 
and Davidson's value of Ct'6t .  The results for one pair of singlet and triplet potentials 
are shown in fig. 2, together with the experimental peak positions The observed 
oscillations in a(Ol ab) at this energy correspond fairly closely to those arising from 
the singlet state and we are thus led to the conclusion that at this energy either the 
triplet cross section is almost structureless of it 'ocillates with 'nearly the I  samé 
frequency and roughly in phase with the singIt. In the triplet case illustrated 'in 
fig. 2, 3 t'T(0Iab)'S relatively structureless. No value of 8 for the triplet potential was 
found that would reproduce the observed peak locations when used with potentials 
based on the Buck and Pauly value'of' The calculated Dalgarno and Davison 
value is thus preferred. 	 . 	 . . 

The observed peak positions over the whole energy range were then compared 
with calculations of a0bb)  for the singlet potential (with Dalgarno's .C'6 ) and a 
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range of constrained triplet potentials with c ranging from 0•0l to 0•4picoergs and 
rm  constrained by the relationship 	 . 	. 

4sr =2450x 1060  erg crn 6 . 	 : 	 (4) 

The choice c = 2 x 10_14  ergs, rm  = 56 A emerged as the ,best pair of, values for the 
triplet parameters over a grid of 0•01 picoergs near the optimum value and 0 1.picoergs 
elsewhere. The full forward calculation for a single set of reduced potential para-
meters required 20 min on a KDF 9 computer, conseqUently fitting was limited to 
reproducing the observed peak locations. Calculated and observed peak positions 
for this "best fit" potential are given in fig. 3. The additional peaks observed at 
low energies may result from resonance phenomena, which would not appear in 
calculations based upon JWKB phase shifts; alternatively, they may be due to 
imperfect fitting by the potential chosen. 

DISCUSSION 

A pronounced oscillator.y behaviour in 1 a(6) has been observed and we seek its 
origin in the intermolecular potential. The usual cause of oscillation in the differential 
cross-section is interference between two or more branches• of the classical deflection 
function. We therefore first look for the regions of stationary phase in the partial 
wave expansion, i.e., for values of the orbital angular momentum quantum number I 
at which the derivative of the phase shift, ä,/01, is '4  O. Choosing 0Ocm 3 °, 
inspection of fig. 4 shows that four regions of / will cOntribute to 1 a(0) in this angular 
range. Of these, the region around 1 will dominate because of the slowly varying 
phase shift in the outermost branch and the region round 14  (leading to an angle 
of deflection Ocm 360±2°) can be neglected because of the smallness of the 
region of stationary phase. The regions 12 and 13 either side of umax  will interfere 
to produce glory oscillations in the cross-section and will also interfere with the 
outermost branch around I to produce undulations of .higher .  frequency. The 

'a 

I- 

FiO. 4.—Phase shift against / for singlet and triplet potentials at 1420 m sec ' . - - -, singlet; 
- 	triplet. 	 S 
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angular 'frequency of these ?intërference -effects 'can the 'estimated :-from the phase-
shift curve using the semi-classical approximation of Ford and Wheeler. 8  At a 
relative velocity of 1420 msec - ' we obtain for the singlet potential: 

interference of 12  and 13  A0 23(cm) = it/I3 , or 0-71°(Iab), 	(5) 
Interference of 11  and 12 (glory) Oi3(cni) = 2m/1.'li - 131 or l42° (lab). and forthe 
triplet potential (assuming the regions of stationary phase to be separate, see below) 

023(lab) = 063° and 40 13(lab) = '163. Thus -none of these effects dlfhough 
undoubtedly present, 'can' be responsible for the Observed periodicity 'of rough1' 
038°  (lab) in both the forward calculation and in the expeinimen tal results. This 
structure is found to arisesdlely from the outermost'branch./ i . and in fact appears in 
calculated differential cross sections for,  -a range of .poteiitiäls 'having The same value 
of 'C 6 . In the integral approidmation for the scattered amplitude' 8  .f(0), 

f(0) = ikJ :(21 + 1)(exp [2i-j(l)] - 1)P1  (cos 0) dl, 	 (6) 

we can relate the undulations in the narrow angle scattering to the position of the 
.outerrnost oscillation tin ex-p [2iij(1)], 'centred,;at v1.:ifa-;major.;cbntr.i'bution to the 
integrlcomes - from'va1ues of '1;around 'l,.. For.this'to.occur ithe phase §hift function, 
i(l), rmustrise rapidly near :l*.sotthatexp:(2i1jl))  theginsto noscil.lateimorerapid-lythan 
'the Legendre pdlynomial' .ii(cos0). - - Making 'the random phase ;approxirrnation  

there is then only :t}e  -contribution 	2I+ I)P1 (cos O)di for I<1' (neglecting D'ther 

branches of.thedefiection function) and this is to.be  combined with .the contribution 
(2-1± 1)2-ij(1)P,d1 to 'yield 'the scattered ;amplitude - 1f(0. Both- contributions shave 

- a periodicity 27r/l*  and 'so a(0)('= 9f(0)I 2) -has 'a major component that oscillates 
with a frequency it/l*,  where 1  marks the-onset of'effectivëlyrandcm. phase'at'lower 

- 

A similar-situation has been discussed 'by Pauly.-and Toenriies' 9  'for sin 0<l/l*, 
'when P-1  (ôos 0)-can 1be 'replaced by J(10) thut -in 'the present 'work the periodicity of 
P1  (cos 0) is well developed for l> 1*.  A rough value of * may be defined by Il l . = 1 
and so from the Jeifreys-Born approximation for the phase shift 

1* = [C 6 -3 itk 6 1E] 1 / 5 . 	 (7) 

At a relative velocity of 1420 m sec' l = 320, -giving a predicted peak spacing for 
the singlet cross section of 0-36 (lab) compared with an observed value of 0-38°. 
Actual summation of the partial wave series forf(0) shows that the above treatment 
can only be approximate because the effective value of 1*  for the  real and imagi nary 
parts of the scattered amplitude are slightly different and so their contributions to 
a(0) are somewhat out of phase leading to irregular behaviour in the observed cross 
section. Eqn. (7) has been derived by assuming, that the phase shifi(l*) is -  deter-
mined only by the long-range part of the potential. -Direct calculation of the phase 
shifts for the potential chosen for the 1present system show that at the 'highest energy 
the singlet and triplet phase shifts at 1 = 1* differ by -20 % and at the lowest energy 
by 6 %. - 

The triplet phase shift function for a relative velocity, of 1420 msec' and the best 
fit potential is also-plotted-in fig. 4. Atthehighest experimental energy the maximum 
positive phase shift, lmax,  is 6 radians and there should be a fairly well developed 
rainbow structure at -'15° (lab). As for small single undulations, the second deriva-
.tive-of thephaseshiftiis-smaller-than in;t-he single-tcase and theforward:glor-yscatteri-ng 
consequently interfere more importantly-with. the outer branch oscillations at 1* 
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leading to a confused structure. At still higher energies, when ijmax <ir/2, the forward 
glory region cannot be separated from the outer branch and a new oscillatory pattern 
with AU = 7r/10  appears, where 10  corresponds to the inner zero of the phase shift 
function which effectively marks the onset of random phase at lower values of 1. 

We thus conclude that the observed undulations in c(0) are primarily long range 
in origin. The angular spacing of these high-frequency oscillations is insensitive 
to C 6  as can be seen from eqn. (7). In the present system the small angle undulations 
are readily visible, partly because the effect is not a sensitive function of energy and 
so is not destroyed by energy averaging, and partly because of the 3 : 1 weighting of 
the triplet contribution which preserves some features that would otherwise be lost 
upon combining the singlet and triplet scattering patterns. 

As a guide to future work, the phase shift plot for the singlet potential would 
predict that the oscillation in 1 a(0) die out for O6°(lab) when a region tf true 
stationary phase develops. Furthermore, the triplet cross section should show the 
clear emergence of its high energy behaviour (AU = 7t/i0) at energies Z 5 x 10 13  ergs 
when the undulatory behaviour is determined by the repulsive branch of the potential. 
Much additional information could be obtained from measurements in the triplet 
rainbow though this will require improvement in the presently available signal-to-
noise ratio. When these data become available a more complete potential fitting 
operation will become worth while. 

Helbing and Rothe (private communication) have pointed out that the above 
values of s and rm  lead to a value of lmaX  that is approximately one half the maximum 
phase shift for the Li-K system as deduced from total cross-section measurements 10  
at the same energy. From a theoretical point of view the divergence between the two 
results is even more marked if the factor of (2p) 4  in the semi-classical expression for the 
phase shift is taken into account. If both results and their interpretation are correct, 
then the well depth in the Li-K case is ' 3 times deeper than for Na-K. Alternatively, 
since the two types of measurement are sensitive to different parts of the potential, 
there may be a geiiuine discrepancy in any parameters deduced from them due to 
the inadequancy of the assumed potential. 

One of the authors (L. T. C.) thanks the Science Research Council for a research 
studentship during the course of this work. 
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Abstract A crossed molecular beam apparatus for the 
measurement of differential scattering cross sections has been 
constructed. The effective angular resolution is better than 

005 °  and permits the observation in the laboratory of. 	- 
quantum undulations with a period of the order of 02°.  
For sodium or potassium in a clean system the signal 
standard deviation is 3 counts per second'permitting neutral 
fluxes of I atom per second into the detector to be estimated 
in a reasonable integrating time. The associated data - 
capture and deconvolution procedures are also described. 

1 Introduction 
Molecular beam measurements of differential scattering cross 
sections can yield information on the intermolecular potentials 
operative between the collision partners, and in the case of 
reactive systems on the detailed dynamics of the chemical 
reaction. - 

In this paper an apparatus to measure these cross sections 
with high resolution is described, together with the associated 
computer programs-for data capture and analysis. The scientific 
results are reported elsewhere (Cowley et al. 1969, Home 
1969 Thesis, University of Edinburgh). Observation of the 
gross angular features in scattering (e.g. rainbow and super-
numaries) yield important information on the inteiolecular 
potential. Complete information, however, can only be 
obtained if the high frequency quantum interference structure 
can also be resolved. In general the highest angular 'frequency 
that can be present is: - 

LOcih/jVa 	 -. 	(I) 

where t is the reduced mass of the collision partners, V their 
relative velOcity and a is the effective range of the potential. 
For typical atomic and molecular systems LO-0-2° in, the 
laboratory system. - 

The differential cross sections and hence scattered fluxes 
may vary from a maximum of 106  A2  at interference peaks 
near 0° to less than 1 A 2  at wide angles. The primary design 
criteria for the apparatus are thus: (i) an angular resolution 
of 005°; (ii) a dynamic range of greater than 106;  (iii) velocity 
resolution adequate to prevent energy averaging washing out 
the ahgular structure. - 
2 Apparatus 
The apparatus is shown in overall schematic in figure 1. It is 
divided into two differentially pumped chambers. The 
scattering chamber A contains the two beam sources B and C, 
the beam velocity selector D, beam flag E and cross beam 
modulator F. The two thermal beam sources have multi-
channel orifices; the main beam source is of the double 
chamber type and is mounted kinematically to the rear of a 
heated collimating slit: A horizontally rotating disk velocity 
selector (Cowley 1969 to be published) is mounted directly 
in front of these slits. Its rotation velocity is monitored by a 

t Now at Lash Miller Chemical Laboratories, University of 
Toronto,'Canada - 	- 

lamp and fast response photodiode, the output from which 
is counted into a crystal controlled frequency meter. The main-
beam may finally be interrupted by an electromechanical beam 
flag. The cross beam is chopped at 33 Hz 'by a rotating disk 
driven from a synchronOus hysteresis motor. ,  (This disk also 
interrupts a light beam to provide a timing signal \'ia- a 
photodiode.)  

Both sources and selectors are mounted on a turntable 
which can be positioned in increments of0-05 6  from - outside 
the vacuum system by a d.c. stepping motor K. The furntáble , 

Pump 

Figure 1 Apparatus -layout  

position is monitored by an optical shaft encoder G. Gas 
and water, cooling feeds are led to the oven mounts and velocity 
selector motor via a rotatable vacuum seal within the turntable 
bearing. The entire turntable—oven assembly can be readily 
lifted from the vacuum chamber for adjustment. - 

This chamber is pumped by a 12 in oil diffusion pump, 
while a liquid nitrogen cooled shroud L fi,xed to a reservoir 	-' 
in the removable lid extends to cover all- but the floor of the - 
chamber. The shroud carries additional baffling where the 
main and cross beams impinge to trap as much of the' beam 
material as possible. During operation the pressure is typically 
0-2 jtorr. 
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V measurement of background from time In to 2T  

Tn 

=Jn(i+rn) dt. 	 (2b) 

At a normalizing angle Om 	
•. 	 - V 

scattered 'flux+ background from'T 0  to 76+ T 

	

; =Jg(t+ro) a(Orn)+n(t+T0)} dt 	• 	(2c) 

background from i + Tn to To + 2T0 	•' 	
' 

V 	

± To + Tn) dt. 	

V 	

, (2d) 

g(t) is,the time dependence of the product of main and cross 
beam intensities and V n(t) is an additive noise in counts per 
second; In is the duration of the, sequential cross beam on 
and off conditions and T0 is the time from the start of observa-
tions at 0 and their start at Om. 

The relative differential cross section-is then' estimated Vas: 

(!üIm) 	
' 	 V 

Tn 

V 	

- = J {n(t)+g(t) a(0)—n(t±Tn)—n(t+0)  

— g(t+T0) a(Om) — n(t±r0+'rn)} dt V 

counts per second. 	 ' 	' 	V (3) 

The precision with which this estimation can be made will 

depend upon the variance of (18'üm),  i.e. 

Var(10 - 'em) = 4{ Var(n) - n(Tn).+ 121  

+2{fl(Tfl+Te)'-4-g(T5—Tfl)-29fl'(T0)} 
, V 

+ 2(1 + C) {n(0) - cbng(Tn)}  

+ 2{ng( + Tn) — 

+ 2C{ n9(T 0  - Tn) 
- 0n90-o)}  

+{(l + C2) Var(g)- 2C(g(0)g2)}'. ' (4) 
where 	. 	 , 	:- 	 . 	

' 	 • 	V 

,Var(x)=_ 2 , n(T)'J n(t) n(t+T) dt, 

qig = f n(t)g. (t+T) dt and'C=a(0)/a(O m). V  

The objective in any detection system is the minimization 
of the. variance, e.g. equation (4). In this work the optimal 
scheme in the Wiener (1942) sense was not possible owing to 
the limited sampling rate of a paper tape punch. Nevertheless 
the variance can be appreciably reduced by using available 
information about the statistics of the signal and noise 
counting rates' The scattered signal, has a steady d.C. expecta-
tion value, but its fluctuations will not be truly Gaussian in 
distribution since excess low frequency components' arise 

• from slow drifts in oven temperatures and in lens focusing 
potentials. Typically these are 2-3 % per hour. 	- 

The statistics of the noise are more complicated since there 
are three principal sources of noise:'(i) that from main beam 
material scattered from background gas (and thus strongly 
correlated with main beam intensity and background pres- - 
sure); (ii) that from residual main beam material in the 
detector chamber; (iii) that due to alkali metal impurities in 
the hot ribbon. The statistics for all these contributions are 
different. The first two have excess low frequelicy components 
arising from pressure fluctuations in the experimental and 
detector chambers, while the ribbon noise occurs predomi-
nantly as intense bursts of ions emitted in '1 ms or less (depen- 

- ing on ribbon temperature). 	• 	- V 
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The second'ëhamber contains the detector. It communicates 
with the scattering chamber via slits 0050 cmby 0'3 cm high 
and can be ehtirely isolated by a gate valve. The detector of 
the Langmuir-Taylor type is a heated 0:050cm wide rhenium 
ribbon H located inside an ion lens system. The lens focuses 
the ions emitted from the surface of the hot ribbon into a 

- -- Vquadrupolemas filter I. After mass selection the ions are 
acceleratéd at 5 kv into a seven-stage multiplier J (EMI. 
9643/2) where, after amplification and pulse height discrimina- - 

• tion, the individual ion arrivals are  recorded on fast scalers. 

	

- 	The data are finally collected on eight-hole paper tape for 

	

• 	éomputer analysis. 	- 
The detector and chamber are of all-bakeable construction 

	

• V 	 and the cham5er is pumped by an 80 I s -' ion pump together 
V 

	

V 	 with a titanium sublimation pump working on to a liquid- 
V  nitrogen coOled substrate. The pumping is 'arranged so that 

V 	
material entering the detector chamber andnot striking the 
ribbon impinges directly on acryobaffie. Asâ further precau- 

	

V 	tion against contamination of the detector, a rotating cylinder 

	

V 
V 	

V 
 attenuator M is moved across the detector chamber entrance 

	

- 	 V 

 when operating-close to the main beam position. The pressure 
in 'this chamber during operation is typically less than I ntorr. 

The most important apparatus dimensions and other 
charaêteristics are summarized in table 1. 	V 

'Table'1 Dimensions  

Mainbeam source to scattering centre , 	, 	14•25 cm 
Cross beam source to scattering centre 	1-5 cm 
Scattering centre-to detector ribbon ' V , 	29cm' 

'V Main beam collimating slit  to scattering centre , ' 3-2 cm 
• ' ' 	Cross beam collimating slit to scattering centre 	02 cm 

	

- 	-Width of mainbeam source 	 002 cm. 
• Width of cross beam source 	V V - , V 	 V 

, 	 0075 cm 
;Width of main'beam'collimatin,g slit - 	 0023cm 

• ' - 
	'Width ofcross beam collimating slit 	V 	 V 	 0075 cm 

	

• - 
	

' 
V 

 Width of detector. filament 	' V 	 , 	

, 0075 cm 

	

V 	Height of beamat scattering centre 	 ' 0-5 cm ' , 

	

V 	-Transmission from ri6bon through quadru pole ' 15% 
COunting efficiency (multiplier voltage 5kv) 	50% 

3 Detèction'system 	- 
Since the scattered flux for typical V atomic and molecular 
processes are stiall compared with 'the' available beam 

V 	, inCnsities, the signal-to-noise ratio determines the possible 

	

V 	
resolution in angle and velocity, and indeed the feasibility of 

- . any experiment. For elastic processes we measure a quantity 

U(0), although ultimately, perhaps, we may wish to determine 
certain- parameters in a model (e.g: in an intermolecular 

	

V 

 - 	 potential). Formally, therefore, we are measuring intensities 
-- 'with respect to  variation in 0 and V. In practice these observa- 

V 

 - ,tions must extend over Va period of time, so that the' time 
dependence of the signals must be considered. The extraction 

V 
of the desired cross 'sections' must therefore involve filtering 
in both time and angle sequences. We V  consider the time 
sequence first. - 

	

V 	Measurement of a relative differential cross section requires 
at least four'separate obseryations with the cross beam on 
and off at each-of two angular locations. Thus at angle 0: 

measurement of scattered flux + background from time 0 to rn 

	

=f{g(t)a(0)+n(t)}dt 
	

(2a) 
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A crós-beam, scattering apparatus 

The yariance (equation (4))can be minimized by making T 

sufficiently small that and ng(Tn) approach n 2  and ng 
respectively and all but the final term in (4) are minimized. 
The contribution of the final term can be reduced by cross 
correlating all the measurements involving g(t) with a 
function f(t)=c/g(t). In practice r, cannot be made small 
enough to reject burst noise which has a very short correlation 
time; however a rejection technique in the computer analysis 
provides a partial removal of noise from this source. The net 
effect of all these measures is to whiten the time dependent 
noise. 
• Similar considerations apply to the angular dependence of 
the scattered intensity. The observed flux at 0 is 

Iobs(0)=Jf(0) a(0-0') dO'+n(0) 	(5) 

wheref(0') is the apparatus filter function, i.e. approximately 
the observed main beam profile and ,z(0) is an additive noise. 
Once again non-Gaussian noise can be removed by a suitable 
filtering process. In this case the filtering can be combined 
with deconvolution to obtain u(0), i.e. the delta function 
response (Robinson 1967). The procedure for filtering and 
deconvolution is similar to that used by Morrison (1962) and 
is described in §4. 
4 Electronics and experimental procedure 
The data capture and processing are carried out by a mixture 

• of apparatus hard-ware and off-line computer calculation, 
using paper tape as an intermediate storage medium. 

The detection schematic diagram is shown in figure 2. After 
amplification the signal pulses have an amplitude of the order 

Photod lode 

X-beam 	
Timing mark I 	- 

Open 

chopperEB 	
Signal-• fl. J1........11........ Closed 

Noise 	 J1.........f1.........[l Open 
Closed 

Figure 2 Detector schematic diagram 	- 

of 1 v and are 10 ns wide. The pulse discriminator threshold 
is set to maximize the ratio (counts. per second beam on)/ 
(counts per second main beam off.)' 12 ; a typical plot of thres-
hold against S/N 112  is shown in figure 3. The discriminator also 
stretches the accepted pulses to 200 ns -width as a partial 
means of rejecting burst noise from the ribbon. The overall 
pulse pair resolution of the system is then 240 ns and the 
maximum useful counting rate 0-5 MHz. 

After discriminationthe pulses are counted into two scalers 
gated via variable delay and width generators from the cross 
beam modulator. The delays are arranged so that scattered 
signal counts accumulate in one scaler and the background 
counts in the other. The respective gate open times relative 
to the cross beam condition are shown in figure 3. After a 
set number (usually 100) of these modulation cycles have been 
counted on an ancillary counter both gates are closed and the 
total in each scaler, together-with other experimental data, 
are punched on to paper tape. After punching is complete the 

100 -  

50- 

• 	Discriminator threshold 

Figure 3 Signal-to-noise plotted against discriminator - 
threshold 

scalers are reset to zero and the delay chains to the scaler are - 
interchanged. The scaler and its associated width generator, 
previously counting signal, now accumulate background and • 	-• 
vice versa, this change in role being indicated by a code on 
the paper tape. The scattered signal can now be found by 
forming differences (scaler A—scaler B) and (scaler B —: - 
scaler A) alternately, thus averaging out any asymmetry in - 
scaler response or in the width generators. When sufficient 
data at any angle have been accumulated the turntable is 	• - 
rotated, the new angular position entered on to the paper 
tape and the process continued. Each angular scan is initiated 
by setting up the velocity, selector to the desired speed and 
punching an identification code on to the paper. tape. The 
turntable is then rotated to .  one side of the main beam and a • 
slow scan begun across it-and out as far as desired. In this 	- - 
way the apparent main beam prOfile is recorded for each 
angular scan. This will be used later in the data analysis to 	• • 
deconvolute the observed scattering. At intervals of approxi- 
mately 20-30 minutes the turntable is returned to a standard • 
angle (where the scattered intensity is changing slowly) so 	• 
that sequential observations heremaybe used to-correct for • 
drift in the parent beam intensities. • 	• 	. • - 

In atypical experiment lasting 20-40 hours some 3 miles : 
of data on paper tape may be generated. 	 • • 	• 
5 Computer programs 	 • 	- 
The large amounts of data that can be stored on paper tape 
together with the ease with which it can be interpreted by a 
computer bring important advantages. Firstly, more data can • 	: - 
be collected and used to improve both the resolution and 
sensitivity of the experiment; secondly, the computer provides 
a more flexible processor than fixed program devices permit-
ting filtering operations to approach the optimum. Finally 
the bulk storage of raw data allows the analysis programs to 
be re-run so that the effect of different filtering procedures 
on the same data may be compared. 	• 	• 	• - 

In this work the data are analysed in two stages the inter-
mediate results being reCorded on magnetic tape. This arrange- •. 
ment allows the intermediate data to be manually 6ecked as 
to format and permits the second stage of processing which-
contains the more elaborate routines to be readily rerun 
without reading the bulky paper tape.- • 

The flow diagram for the first program is shown in figure 4. 
This program carries out data validation, correction and 
organization. The binary tape is translated into decimal and 	• - • - 
the• marker flags indicating beam condition used to separate 
the continuous data stream into individual 'sentences', each 	• 
sentence containing the output from both scalers, etc., for - 
one observation period. The individual 'words' in. each 
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ead binury tape 	 - 	 . INPUT 	 . 

from experiment • 	 . 	 -- 	 - 

.- 	. 	 . Imntepret and correctl - 	 - 

errors in punchin I 	 . 	. .. progra b,ervations a 
. 	 I 	 Yes us 

attenuator in ?I MUItIPIY by attenuotorl - 
- 	 - 	 . 	 - 

: • 	

: 	 - 
 

No 
 

factor  

I Correct for dead 
 

- 	

•1 time of system 
- TIME NORMALIZATION 

Flag outut 
- 	- 	- 	- 

verage successive pairs of obsevations Na 
- in sequence with chahge over of scalers'l 

- • 

- 	-- 
- 	

- 

_ 

Compute means and standard deviations 	 - 2 
Smooth 
time 
gradient 

lnt egrat 
tepwise 

- 
mooth 

S drift line 

Drift checks 
with normalizing 
observations for all observations at a specific angle 

- 

- 
• I 

Reject observations differing by more thanj 
- 

- 	 - 

- -, 

Yes 
two standard deviations from the mean I 	- Correct 	linear 

- 	I 	 - term in drift an 
I Recompute all means and standard deviations! cross c orrelate  

with sc attered 
signal 

Compute linear time gradient at - - 

- each angle by 	least square fit I 
- 

- - 
' LOCATION OF ORIGIN 

- 
Write to mug tape mean and standard deviations! 
for all quantities at every 	observation angle I - 'Locate peak-in - Interpolate and 

_______________________ 3 rnain beam profi 
______________________ 

le shift all 	data 4 

I Print out summary of data 
for manual checking 	- 

- - 

i 	 - 

- 	

- 

Ito establish 
M.B.peak at OO - 	- 

-. 	Figure 4 	Preliminary data reduction and time averaging FILTERING 	 - - 

• 	program 	.. 	 -, 	- 	 - 	 - 
- 	 - 	 - 

.._JSmootftjSmooth scatteredl - 	ICorrect for 
attenuation of M.BF5 

- - 	 - - 
profile signal 	 J 

- 	- 	 - 	
0 

'- sentence are then checked for consistency, and if any discrep- 
- 	 IOutput ,sumiiil 

of smoothed and I 
- an'cy. is discovered, e.. flag out of permissible range, unallowed - - correlated data 

- 	- 

character, etc., - the entire sentence is deleted. At this stage - 	 - 

any operator codes introduced via the manual keyboard are - 	 DECONVOLUTION 	 - 

recognized and appropriate action taken. Time filtering of - 
Inject 

- 	white noiseF - 	- 

-the data also takes place in - this program with a consequent Yes - , 

great reduction- in- volume of data. This is essentially simple 
- 

_________ 

._jDeconvolutel_______j 
Noise to I - 	Nb 	- 

Average oven 

- 	 averaging, though a burst noise rejection procedure which 
- 

- be addedj I all 	noise 	h-  6 	- 

• 	. 	; 	removes data differing by more'than two standard deviations 
i oit ions 	I 

- 	 - 	 - 

- 	- - from the mean is included. At this rejection level approxi- ouipui 	Yes 	- 	 - 

mately 5-10% of-the observations are rejected - approxi- 	
- 

- 
6 More scans1 lAveroge overall1 Reject I 	Graph I 

- 	- - 	
mately that expected from the observed mean interval between to process ?jinput scans 1deviantt1 outputJ 
-bursts of about 20 s. This filter is also useful in removing any - 

• - 
	punch corruptions- which have escaped detec •tion in the data Figure 5 	Angle filtering and deconvolution program 

- - 	validation phase. 	The least squares time gradient of the  
' 	scattered signal is also computed at each angle for use in a - 

• 	 \ later cross-correlation routine.,If a faster recording medium  
¼ 	 - 

7 	or a direct on-line computer wereavailable the sampling rate At smaller angles the signal changes so rapidly with angle 
could be-made comparablç to the correlation time of the noise - that -small éhanges in turntable position make the process 
and greater sensitivity obtained.. The real time processing of unstable. In general this correction is only necessary for very 

- - data would 'also be advaitagèous in allowing the experiment wide angle scans taking more than an hour to complete. 
• - 	

' 	 to be monitored during the actual data collection phase. - When required, both the time gradients and the' repeated 
- 	The output of-this program, including the observation time, 	, observations at normalizing angles are used. The gradients 

mean scattered signal, time gradient of signal and their are first smoothed and then integratea stepwise, the resultant 
- standard deviations, is written to magnetic tape. At this stage 	- drift line being then further smoothed by fitting to a 'cubic 
in processing a -  potassium or sodium scattered signal may polynomial. The predicted drift is compared with the observed 

- typically have a standard deviation of the order of 20 counts change between repeated angles, and the linear term in the 
per second-for an actual background-count rate of 500 counts drift expression corrected to obtain concordance. If the 
per second For-a freshly baked detector chamber and flashed required - adjustment is too large the output is flagged for 
filament the background rate may fall to about 15 counts per manual investigation: The drift line - is' then cross-correlated. 

• 	- 	 second (5 counts per second for rubidium or caesium). The with the scattered signal. 
standard 	deviation 	of the signal 	is 	then 	approximately - The time-normalized main beam profile and scattered- 	- 

3 counts per second or less. Thus with observation times of signal data are then filtered using Morrison's iterative method 
the order of 1 minute, precisions of 4 or 0-4 counts per second in which a smoothing function f is applied, i.e. 
respectively can be achieved with these background rates. - 

- 	The second analysis program is shown in figure 5. This  
- - 	

- program initially carries out a time normalization procedure - 	Ii(o)=Ii-1(0)+{J(0)obS-111(0)}*f- - 	 - 	(6) 
for all observations greater than 1°. - - 	 - 	 - 

• 1024 - 	- 	 - 	 - 	- 
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A cross-beam scattering apparatus  

The process - is itèritéd untilall noise incompatible with the 
transform f is removed: - -. 

:This technique is first applied to the main beam profile 
using a fixed trapezoidal filter function 04° full width. The 
iterated values are constrained to be within four standard 
deviations of the observed intensity. The resulting smoothed 
profile is then used in -turn as the convolution function to 
filter the scattered signal. At this stage the cross beam attenu-
ation of the main beam which results in apparently negative 
scattering at very small angles is removed; the scattering in 
and out of the detector cone at each angle being computed 
iteratively until convergence is obtained. The corrected and 
smoothed scattered. signal is finally deconvoluted using the 
main beam profile and Van Citterts iterative method, i.e. - 

11(0) = I(0)smoothed + (I(0)smoothed - I(0)smoothed*f) 

18(Q) '8-1(Q) + (I(e)smootneu - 18-1(e)*f). 	 (7) 

In both filtering and deconvolution processes any un-physical 
negative values which arise during the iteration are suppressed 
and replaced by zeros.  

In figure 6 the results of applying this procedure to data 
from aol angular scan are shown. The mean of several such 
statistically independent scans in the form output by the 
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computer is shown in figure 7. The stability- Of both the 
filtering and deconvolution- procedures can be checked for 
any data set by adding white noise with a standardde'iation 
equal to that observed. In almost all cases little or no signi-
ficant change in the output was produced. The loss of resolu-
tion apparent on averaging arises largely from errors in the 
angular measurement, the error bars being much larger in 
regions where the scattered intensity is changing rapidly with 
angle.  

Several improvements to the apparatus described are 
already in hand, notably improvements in the iow injection 
efficiency into quadrupole and in more rapid data collection 
which will benefit the signal-to-noise ratio. In the experimental 
chamber differential pumping to permit the use otThigh flux 
nozzle beams-is planned. 

Finally the use of electron -bombardment or field ionization - 
devices in place of the l.t. hot wire will enable species other 
than alkalis to be detected. 	 - 
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- Figure 6 Angular scan for potassium scattering from atomic 
iodine. The upper curve is the data output from the first 

• stage program; the lower curves show the same data after 
filtering and after deconvolution. The error bars calculated 
from the signal statistics are too small to show 	- 

Figure 7 Computer output for the same-system showing the - 
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temperature measurements made use of the argon first ion 
lines of multiplet number six, of which 1806 Ar''is a mciii-
her, and the doubly ionized argon Iincs 3311.25 Ar' 
301.88 ArII,  and 3283.88 Arl". Electron concentration 
measurements were made using the line profile of JJ•5 . 

These data gave pressure changes consistent with the pres-
sure transducer results. -. 
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A Radial Disk Velocity Selector for Molecular Beam 	' 

' 	
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(Received 10 September 1969)  

A molecular beam velocity selector. is reported in which the-beam passes diametrically across a rotating slotted 
disk. Alignment is checked without reference to assumptions about the source velocity distribution. The selector 
is compact, easilyconstructed, and is mounted directly on the driving motor shaft.  

INTRODUCTION 

- 	- NEW. type- of molecular beam, velocity selector is 
described in which the beam passes across a slotted 

rotating disk. The selectorhas some advantages over con-
ventional designs) 3  It has only two parts and can he 
aligned relative to.thc beam svsteni without any knowledge 
of the beam velocity distribution, since when aligned, the 

- transmission characteristics are independent of its direc-
tion of rotation. The selector is compact (6 cm diam) and 

- is mounted on the driving motor shaft—the need for extra - 
• high speed bearings is eliminated, and, since- the motor is 
beneath the disk, shorter source to scattering center dis- 
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Fic. 1. Radial disk velocity selector. The dashed curse is the 
apparent path of a beam molecule. The mean radius of the inner disk 
is half that of the outer one. All s1itvidths are eival. 

tances are made possible with a resulting gamin scattered 
flux in a crossed beam experiment. With small modifica-
tions the selector could be suspended magnetically, per-
mitting velocity selection of high energy beams. 

- 	SELEcTOR DESIGN 	 - 

A radimd disk selector could be jiiade wby machining 
'spiral grooves corresponding to the apparent trajectories 
'of beam molecules crossing the.disk. 1-lowever, construc-
tion would he difficult -for small selectors and there is, the 
disadvantage that rejected molecules accumulate within 
the grooves. The actual design is shown in Fig. 1; the siiral 

- roovés are replaced by two slotted rings. The outer ring 
effects the narrow band velocity selection, while the rela-
tivelv thick inner ring eliminates sidebands. - 

The transmitted velocity is  

ito = izaw/2ir, - 

where w (rad . sec) is the angular speed and n is the nuni- 
ber of slits in each ring. For a narrow beam, the resolution 

(U/Uo where A u is the half-intensity velocity spread) is 

R=1,z-,/47ra3 , 

being the width of the slits. The resolution and fractional 
transmissionfor a given velocity T(n) depend on ihe ,eam-. 

idth Characteristics for wide beams were àbtained by a 
Monte-Carlo cn1puter simulation of the selector. 4  'Similar 
calculations were also made to determine the minimum 
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TABLE I. Computed characteristics for radial velocity selector with 
90 slits (all dimensions are in millimeters). 

Slit,vidths 	J3eamwidtlt 7, ( 10)% Resolution 

0.234 	0.000 9.2 5.8% 
0.051 9.7 	. 7.1 
0.102 8.0 8.0 
0.254 3.6 I0.0 

0.381 	0.000 16.1 9.2 
0.051 15.8 10.0 
0.102 14.8 10.4 
0.254 10.2 13.6 
0.308 	. 5.4 15.0 

0.508 	0.000 21.2 12.0 
0.051 21.5 12.4 
0.102 20.4 	. 13.4 

• 	 0.254 17.1 	. 15.4 
0.508 10.2 21.2 

ickness of the inner ring that would eliminate velocity 
dcbands. Table I shows some computed transmission 
[rnractcristics for a selector having 90 slits. 

The absolute intensity of molecules with a speed no 
-ansmittecl is proportional to the product of T(n 0) and 
e beamwidth: This becomes constant beyond a certain 

eamwidth since molecules further off-axis are rejected. 
he resolution improves with decreasing beamwidth 
ecause the transmitted velocity is slightly different for 
1-axis molecules. This effect is important in that it 
mbles the selector to be precisely aligned-only when 
ignnlent is good will the measured velocity distribution 

F the beam be independent of the direction of rotation of 
ie selector. 

Disks with the same relative dimensions have identical 
ansmission characteristics, though. very small selectrs 
-c impracticable because of construction difficulties and 
te beamwidth limitations that ensue. 

CONSTRUCTION AND PERFORMANCE 

A Selector was made of aluniinum alloy with 90 slits 
)558 cm wide and 0.6 cm high in each ring. The disk 
ii (see Fig. 1) were 1.35, 1.65, and 3.00 cm, respectively; 

te selector was mounted directly on the shaft of a three 
ase synchronous hysteresis motor capable of rotating at 
000 rpm (corresponding to uo=1.35X10 5  cm.scc'). A 
riable frequency supply powered the motor, and speed 

Ftc. 2. Velocity analysis of an Na beam vs rotor speed. Ojcn 
circles refer to the selector rotating clockwise, closed circles anticlock-
wise. The solid curve is a computer prediction for the selector assum-
ing that the Na source was effusive. 

was monitored by allowing the slits to modulate a light - 
shining on a photodiode. 

Performance tests were made using a sodium beam from 
an effusive source at '120°C (source pressure 0.16 Torr) 
collimated to a width of 0.015 cm. The computed resolution 
for this beamwidth was 15% and the transmission for u 0  
was 21.5% (a higher resolution was not required for the 
intended measurements. Results are shown in Fig. 2. 
There is very good agreement with the computed predic-
tions except at low velocities where the measured intensity 
is smaller than expected. This effectis usually attributed 
to preferential scattering Of low velocit' atoms from the 
bem by the gas cloud in front of the source aperture. 

Misalignment effects were also as expected. Alignment 
was checked by taking a velocity profile and then repeating 
the measureniehts with the disk rotating in the opposite 
direction. Adjustments were made until both profiles )vere 
identical. The test was sensitive, and an alignment error 
of 0.002 cm (which wotld have resulted in an error. of 1% 
in the transmitted velocity), was readily detectable. 
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Elastic scattering of alkali atoms from iodine atoms 
and molecules at thermal energies 
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and A. W. MORRIS 
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Edinburgh EH9 3JJ 

(Received 9 March 1970) 

High-resolution, small-angle measurements of the elastic differential cross 
sections have been made for the systems K/I and K/I2. In all cases the 
structure at small angles is found to arise predominantly from collisions 
occurring along the adiabatic potential. The off-diagonal matrix element of 
the electronic hamiltonian between the covalent and ionic states in the K/I 
system is found to be -6 x 10-15  ergs. 

1. INTRODUCTION 

The alkali atom/halogen atom or molecule collision system is a well-known 
example of avoided curve crossing. At short range alkali halides are almost 
entirely ionic in character. They dissociate adiabatically, however, to neutral 
atoms. The potentials for KI are shown in figure 1 [1]. Slow collisions between 
neutral atoms follow the adiabatic potential with what amounts to an electron 
transfer from the alkali to the halogen taking place at rc. Fast - collisions occur 
along the diabatic curve and there is no electron transfer. At intermediate 

00 
K + I 

++ I - K 

r 

Figure 1. Diabatic and adiabatic potentials for K/I. The expanded portion shows the 
pure coulomb and van der Waals potentials dotted. (Distances in ângströms, 
energies in 10 19  j.) 

t Present address: Lash Miller Chemical Laboratories, St George Street, Toronto, 5, 
Canada. 	 - 
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velocities both types of behaviour may occur with comparable probabilities and 
the. different semi-classical trajectories resulting then interfere to produce structure 
in the differential cross section. This change in behaviour can be simply 
understood in terms of the atom and electron velocities. If electron relaxation 
and adiabatic behaviour is to occur the electron transit time from alkali to halogen 
at rc must be short in comparison with the motion of the colliding atoms through 
a small region around r,. The alkali/halogen family is especially convenient for 
studying this behaviour since the available range of ionization potentials and 
electron affinities which determine the crossing distance r, covers the band 
over which the transition between the two types of behaviour can be expected. 

These systems have recently attracted considerable theoretical interest and 
offer prospects for rather detailed calculations [2, 3]. 

For the atom-atom systems [4, 5] colliding at thermal energies dissociajion 
into ions is not energetically possible and only the elastic channel is open for 
exit to neutral atoms. In the case of alkali/halogen molecule collisions, chemical 
reaction is possible and is known from molecular scattering data to occur with 
high probability. In these collisions it is believed that electron transfer or 
'harpooning' is the precursor to chemical reaction. The resulting alkali ion 
'strips' a halogen ion from the molecule to yield the alkali halide molecule in a 
highly excited vibrational state [6-10]. There are thus two exit channels, elastic 
and reactive, available. 

There are several potentials available to the two systems K/I and K/I2 and 
any guidance that theory can give to the accessibility of these energy surfaces will 
be useful in interpreting the experimental results. 

Dealing first with the systems K/I, the iodine atom is in a . 2p312 state and 
thus will be found in the four states Mj = ±', ± , with equal probability, while 
the alkali atom, 2S112  is equally likely to be in one of the two states M 	12-  
before collision. The ionic molecular state is 	or more properly as R-cx, 
0+ and can only arise from a combination of the halogen states M5  = ± , ML = 0 
with the alkali states M5  =T . Consideration 'of the parentage of these states 
shows that the chance of a random collision following the ionic potential 
adiabatically is 1 . Coupling of the nuclear spin of 1271  with the electronic angular 
momentum makes Mj  no longer a good quantum number, but the two moments 
are readily uncoupled as the two atoms approach and the' factor of holds. 

Theory has less to say about the precise form of the interatomic potentials 
corresponding to the molecular states 3Z, 111. The state may exhibit a 
minimum and all the potentials become repulsive at a separation 

T <r 2>11215 + <r2>"2 K(4s) 
at which the overlap of the two outermost electron shells becomes appreciable 
(-4A). 

The topology of scattering from normal potentials under semi-classical 
conditions (angle of scattering not too small) is well known. However, inspection 
of the very small angle scattering to be expected from potentials exhibiting rapidly 
varying 'behaviour at some value of the interparticle separation, a, shows the 
existence of diffraction peaks in a(0) arising from scattering at this ' edge ' in the 
potential [11]. 

For a very sharply varying potential, such as the adiabatic, ,these diffraction 
peaks will be similar to the well-known Fraunhofer diffraction from a circular 
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plate with: 	 {2J i( O.a1A)

j  2 

	
(1) J(0) 	o 	O.a/A  

where a is the potential range and I=h/v, i.e. the angular periodicity LOc. m  of 
these oscillations is: 

Oc.m. ='7r/l* = 7rhlttva,. 	 (2) 

where 1* = va/h is the orbital 'momentum corresponding to impacts grazing the 
edge; jt is the reduced mass and v the relative velocity of the cilliding atoms. 

2 
e 500 1(e) 	

:::NNN \\\\ 
200 
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Figure 2. Edge diffraction structure and phase shift curve from which it was 
calculated /*= 145. Ji(l*O)2  is shown for comparison. 

In figure 2 we show an example of such a diffraction effect together with the 
corresponding phase shift behaviour. The rapid change in phase shift required 
to produce this effect can arise from either the repulsive and attractive branches 
of the potential or indeed from' the steep edge in the imaginary component of an 
optical potential. - 

For the case illustrated in figure 2, as for the adiabatic K/I potential, the 
step in the phase shift curve occurs at such a large value' of r that the van der 
Waals part of the potential is effectively zero. The small-angle scattering shows 
a very strong diffraction effect in this case which is diagnostic of electron transfer 
and the consequent abrupt change in potential. 

2. EXPERIMENTAL 

• The experiments reported here were made with the modulated cross-beam 
apparatus already described [12]. The primary alkali beam was velocity selected 
[13]. The scattered alkali was detected using a hot wire ionizer, mass spectrometer 
and gated ion counting system. The data was rec9rded on a paper tape punch 
for computer filtering and deconvolution. • - 

The iodine source was of the two chamber type constructed of monel metal 
and glass. The first stage operated between 25-40°c and served to 'maintain an 
1 2 pressure of '.- 1 0 torr throughout the source. The second chamber, connected 
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to the 12  vapour source by a thermally insulating glass stem and heat shunt, was 
operated at 530°c. Under these conditions thermal dissociation to ground 
state atoms (2P312)  is more than 90 per cent complete. The beam finally emerged 
through a gold micro mesh (EM!) aperture. The same source, with the second 
chamber operated at 100°c, was used for the 12 beam. 

A chlorine atom source using a capacitively coupled r.f. discharge was also 
developed to yield more than 90 per cent of atoms but was not used in the present 
series of experiments. 

A major problem in this work was the corrosion produced by iodine and 
alkalis. Electrical wiring appeared to be particularly susceptible and because of 
the large number of such connections in the vacuum chamber this led to a short 
time between failures. It was largely for this reason that the measurements 
were not systematically extended to larger angles. Scans with a sample interval 
of 005° over a wider angle would typically take 5-6 hours. - 

3. RESULTS 

• The potassium/iodine atom system was studied at three impact energies: 
0098, 0188 and 0•315.x 10's j between 0 and 25°. The rapid oscillatory 
structure shown typically in figure 3 was found throughout these experiments. 

POTASSIUM IODINE ATOM SCATTERING 
VUXIT?. 628.V UER OF SCS OVFRFGEO • 6

ION 

>, 

U) 
C 

C 

0 	 AngLe 	 2 

Figure 3. Typical experimental results after computer analysis for the 'K/I system. 

The error bars shown are somewhat pessimistic—the peaks appear on each 
independent scan but are slightly shifted due to difficulties in reproducing angles 
of observation precisely and thus 'blur' on averaging. The mean peak positions 
are shown in figure 4. - The sodium/iodine atom results were limited in accuracy 
due to noise problems and this system was consequently not investigated closely. 
Nevertheless, the limited initial experiments revealed oscillating structure, similar 
in character to that found in K/I. In the region between 0° and 03° the finite 
detector height produces' a decrease in resolution which is not removed by 
deconvolution or averaged over in 'the theoretical calculation. This is the reason 
for the systematic discrepancy in peak heights between observation and calculation. 
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05 	 1.0 

ela b 
Figure 4. Experimental peak positions at three collision energies are shown as 0. The 

solid line is the calculated peak positions for the apparatus averaged scattering from 

* adiabatic and j van der Waals potential. The dashed and dotted line represent 
the peak positions for the adiabatic and van der Waals scattering taken separately. 

- 

	

	(Laboratory angle in degrees, energies in 10-19 j.) (C (6) = 1400 x 1060  ergs cm6 . 

o=4.37 A.) 

The potassium/iodine molecule system was investigated at four collision 
energies: 0091, 0 135, 0 193 and 0331 x 10 - ' j. Once again an oscillating 
structure was observed as shown in figure 5. The K/I2 data was taken at an 
early stage in the development of the experimental system and is noisier than the 

POTASSIUM IODINE MOLECULE SCATTERING. 
VELOC I 	675. 01./S N1JM5ER OF SCANS AVERIACED 	2 
110651505 OECONVOLUT ION 

Cr 	 U 

a 

Figure 5. Typical experimental data for K/Is system. 

subsequent. K/I result. The peak positions at each energy are shown in figure 6. 
In this system the detector cannot distinguish between K and reactively scattered 
KI. However, since the KI has been observed to be peaked at 200  and the elastic 
differential cross sections are at least 103  larger. than those possible for the product 
KI this structure can be attributed to K atoms. 
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P. 	 0 	0 

ab 
Figure 6. Experimental and calculated peak positions for K/I2. The calculated 

positions are for scattering from the adiabatic potential. 

4. DISCUSSION 

4.1. K/I system 

As already discussed, at long ranges the K/I system interacts on three potentials 
with A = 0, 1, 2. The full analysis of scattering measurements must in principle 
therefore involve the interaction of all three states and the ionic adiabatic potential 
together with their consequent mutual interference effects. Neither 'present 
theory nor this experimental work can usefully tackle this complexity. We 
therefore make the following assumptions: ' 

That spin is conserved in the, collisions contributing at small angles, i.e. 
that only the O state having 'total weight interacts with the ioniá potential 
curve. 

That in the large 1 range' contributing to the observed scattering the 
probability of electron transfer is either large or small. We thus neglect mutual 
interference between diabatic and adiabatic trajectories. 

- While plausible the validity of these assumptions must rest .upon their success 
in accounting for the presentobservations. From these assumptions the following 
extreme cases now emerge:  

(1) Crossing probability small—diabatic behaviour 	- 

The A = 0, 1 and 2 potentials are so similar ,  at long ranges that they scan 
be replaced by a single equivalent van der. Waals potential. All the observed 
scattering arises from this single potential. 

The A =0, 1, 2 potentials are very different at long ranges and contribute 
separately to the narrow angle scattering. 

(2) Crossing probability large—adiabatic behaviour 

In this case the 0+  state behaves adiabatically with electron transfer occurring 
at r. 	 - 
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This contribution to cr(0) may be superimposed on either case (1 a) a 
single van der Waals potential or 

on case (1 b) a family of van der Waals potentials. 

Finally gross failure of our initial assumption could occur: for example,. if only 
scattering from an adiabatic potential could be seen this would indicate that spin 
was not being conserved and a multi-state interpretation would be essential. 

We now consider these possibilities systematically. The observed angular 
frequency -023° in the systems leads to a single potential with a size parameter 
in the range 20 A, clearly unphysical. Thus at least two potentials must be 
operating and case (1 a) can be eliminated, and also purely adiabatic scattering 
from gross failure of spin conservation. 

A family of up to three van der Waals potentials (in L.J. 12,6 form) was then 
sought which when appropriately weighted would yield the observed peak positions. 

A value of C(6) 1400 x 10-60  erg cm 6  was estimated (using the London 
formula) as representing the long-range behaviour of all the potentials and a 
search in a and well depth was made. The best fit found is shown in comparison 
with experiments in figure 7. The second peak from 00  was found particularly 
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Figure 7. Best fit found for K/I system using three van der Waals type potentials 

weighted and averaged. 

difficult to match and required a van der Waals potential with a=8 A as one 
contribution! Considering the, three variable parameters and the unphysical 
value of a required for one potential this is not a satifactory'fit. Case (1 b) is not 
therefore supported. 

- We now consider the adiabatic cases. An adiabatic potential was constructed 
using the Varshni—Shukla [1] form for KI out to the crossing distance r,  and an 
inverse-six power potential with C(6) 1400 thereafter. The two potentials 
were joined smoothly over a distance of 0 1 A around r using a switching function. 
This potential is shown in figure 1. 

Scattering from this potential in the 040  laboratory region is insensitive to C(6) 

and the- switching function, and is largely determined by r. This potential 
provides a clear case of the diffraction scattering already discussed.' The phase 
shift falls very rapidly (by 10 2) as the impact parameters. increase through r, 
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producing strong oscillations in the cross section with a periodicity of 

Le c .m. = lTh//tVrc. 

Since rc is determined by the ionization potential of potassium and the electron 
affinity of iodine the adiabatic scattering at narrow angles is independent of any 
variable parameter. Typical structure arising from this potential is shown in 
figure 8. A single van der Waals potential with C(6) constrained to 1400 was 

CO 

Figure 8. An example of. the apparatus-averaged scattering expected for K/I on the 
adiabatic (dashed), diabatic (dotted) potentials and their appropriately averaged sum 
(solid line). 

now sought, which, when apparatus averaged and appropriately., statistically 
weighted,would yield the observed peakstructure. The result of such a calculation 
is also shown in figure 4. The agreement is excellent considering the reasonable 

. value of a (437 A) requiredfor this van der Waals potential and that this is the 
only variable parameter. We . conclude therefore. that case (2 a) applies, that 
spin is conserved in these long range encounters, and that the 0± state behaves 
adiabatically with high probability. 

If the -simple Landau-Zener view of curve crossing, in which the electron 
transfer occurs overwhelmingly in a small region around T, is taken then this 
transfer must occur in a time short compared to 10 -14  s, the transit time of the 
atoms through re  at the experimental velocities. 

For-valence electrons, transfer times (over 113 A) are of-the order 10 -15  s, so 
that theseexperiments are not inconsistent with theory.. 

The reverse conclusion was reached by Berry [14] from spectroscopic data 
for KI.. He found that transition to the upper state produced diffuse spectra 
(in contrast to Nal) and concluded that the KI system behaved diabatically. 
His experiments are not, however, directly comparable to ours since: 
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They were made for low 1 values 1 50, the most probable value in the 
thermodynamic equilibrium distribution under his conditions. 

The effective velocity at r was much higher. 

From inspection of figure 9, which compares the effective potentials for 1= 50 
(spectroscopy) and 1 = 400 (beam scattering), we can see that the radial velocity 
at r0  in the scattering case will be at the most one-quarter of that in the spectroscopic 
experiment. This change in behaviour is therefore to be expected an even the 
most naive grounds. 

K°+I°  1=50 

. KI =

' ¶(=4QQ 

Figure 9. Comparison of the effective potentials for KI operating in the spectroscopy 
(1=50) and beam scattering experiments (1=400). The impact energy is shown 
at E. 

The transition probability for an electron jumping in the Landau—Zener 
approximation [2] is:• 

p1= 	__-2A2\l exp 
 \hVlIfl_f2I)' 	

(3) 

where vj is the radial velocity at r0 , 
fi 

 and 
 f2  are the adiabatic and diabatic forces 

at r0  and A is the matrix coupling element. 
From the scattering and spectroscopic evidence together it is possible to 

place bounds on the matrix element A, since under spectroscopic conditions P1 
is small while the reverse is true in the scattering case. 

We arbitrarily take the probability of electron transfer in the two 'cases to 
be. 	

Pj'thermal energy scattering 0 8, 

• 	 P1  spectr6scopic experiment 02. 

In the spectroscopic experimnt a maximum in the continuum is observed at 
383 cv (probably arising from Franck—Condon effects) [14], corresponding to 
transitions terminating in the upper state and 0 5 ev exothermic with respect to 
dissociation to ground state atoms. Observations further to• the red also failed 
to show any structure, so that diabatic behaviour is well developed at these energies. 
Since the potential 'bowl in the upper state (figure 1) is close to the energy zero 
out to the crossing distance r0  this exothermicity will be present almost entirely 
as radial velocity. A radial velocity of 1 . 5,x 10 5  cm s' is therefore an upper 
limit above which diabatic behaviour is ertainly occurring with high probability. 
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For the scattering experiment relative velocities up to 	105 cm s- appeared to 
show adiabatic behaviour in the narrow angle region. The radial velocities at r 

for these collisibns depend upon the range of 1 values contributing to this narrow-
angle structure. From the amplitude of the structure observed a minimum 
estimate is that 10 per cent of partial waves around l behave adiabatically. Hence 
(since i -.v[1 (b2/rc 2)]1/2) a minimum estimate for the radial velocity below 
which all collisions proceed adiabatically is 4 x 10 cm s 1 . Finally since the 
covalent curve is flat at r e  we take I fi —f2 as e2/rc2. 

Thus we have: 	 - 

(h(e2/r,2)4 
-2A2

exp 	
x 104) 

02 

for thermal scattering and 
/-2irA 2 \ 

exp h(e2/rc2)1.5x105)08 

for the spectroscopic experiment. 
The matrix element for the K/I system is thus bounded on fairly conservative 

estimates of probability and radial velocity by the values 3 . 5 x 10 -15  ergs and 
1 x 10-14  ergs with a value of ' 6 x 10 -15  ergs as the most likely estimate. 

This estimate may be compared to a value for A of 8 x 10-14  ergs found for 
K/Br2 by Beade et al. [4]. 

The extension of these experiments both to wider angles and higher collision 
energies should yield a precise value for, this matrix element. These experiments 
are in hand. 

The high probability of crossing found at wide impact parameters (.-. 12 A) 
raises the possibility of chemical reaction occurring by the harpooning mechanism at 
similar ranges, i.e. that reaction cross sections may be limited by r c  or ionization 
potantial-electron affinity differences rather than considerations of adiabacity. - 

2.2. K/I2 

• This system is basically similar to K/I in that transition may occur from a van 
der Waals form of potential to an ionic one, the crossing distance being estimated as 
5 5 A. If we ignore the rotational states of the 12 there is only onevan der Waals 
potential operating. At thermal energies two exit channels are open: 

K+12-±K± 12 elastic, 

- 	K+12-->KI+I reactive. 

The system has already been investigated both as regards the distribution of 
scattered product KI and the elastically scattered K. (Though not with the high 
angular resolution used in these experiments.) As a result of this work the 
mechanism appears to involve an electron transfer as a first stage to reaction. The 
reactive cross section estimated at > 100 A 2  and neutral-coulombic crossing radius 
rc  then imply that a large fraction of the encounters in which electron transfer 
occurs proceeds to chemical reaction: 

If we then represent the combined effects of elastic and reactive scattering by 
an optical potential [15] of the form: 

Vopt(r) = V(r)+iW(r), 	. 	 - 	 (4) 
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at least four parameters are required: (i) the van der Waals C(6) common to both 
adiabatic and diabatic potentials, (ii) the value of rc , the separation at which the 
potential changes to the coulombic form, (iii) a length parameter, Ta characterizing 
the range of the imaginary part of the potential, (iv) a steepness parameter for the 
onset of W(r). Furthermore, if it is suspected that the upper (diabatic) potential 
surface is sampled at separations less than rc, then a second Lennard—Jones 
parameter, E or u, will be needed for V(r). - 

Instead of postulating an analytical form for Vopt(r)  and solving the resulting 
radial wave equations to obtain the S matrix, we proceed by postulating a form 
for the S11 directly: 

Siz=exp (-2i+2ii), 
where 

+exp (-2c-)J 
,=phase shift from V(r) potential alone 

and Al is the range of / values over which the attenuation changes from, effectively, 
o to 1, 'a  is related to Ta by laLVTa/h and Ta will be called the radius of the 
absorbing sphere. Al is given the value 25 in all subsequent calculations and is 
not varied. The case of intermediate probability of electron transfer occurring 
at the crossing point must still be handled by solving the appropriate coupled 
radial wave equations that permit interference between the adiabatic and 
non-adiabatic trajectories. This situation cannot be represented by a simple 
optical potential. 

Returning to the parameter list for the complete potential, C(6 ) and re  are 
taken to have the values 2000 x 10-60  ergs cm6  and 55 A with the Shukla potential 
for the ionic part of the adiabatic potential. For the upper or diabatic curve, 
cr=475 A was used with a well depth of 00242 x 10 12  ergs. 

Various extreme possibilities in the value of Ta or 'a  can be distinguished: 

The bulk of small-angle scattering is determined by the diabatic potential 
and chemical reaction does not start until separations at the classical turning 
point reach a value of somewhat less than r e : i.e. Ta < r, V diabatic. This would 
not correspond to the harpooning model for reaction. 

As Ta exceeds r,, the scattering pattern becomes dominated -by the-diffraction 
pattern of the black sphere, with angular periodicity LuO= 17//a. For Ta appreciably 
less than i-a, various interfering branches of the classical deflection function emerge 
from collision and lower frequency interference effects are superimposed upon, 
and destroy, the simple black sphere structure. 

V(r) is of the adiabatic form showing coulombic behaviour at separations 
less than r. One may then distinguish the cases: 

Ta>)'Tc: The diffraction structure of a(0) has an angular spacing IT//a and 
the magnitude of a(0) rapidly falls off with angle. 	- 	- 	- - 

Ta Tc: The coulomb potential dominates the elastic scattering. In the 
limit Ta = 0 a small-angle edge diffraction structure is well developed with angular 
spacing 7TI1, . Branch interference between trajectories may also be seen, 
introducing a lower frequency structure into cr(0). At intermediate values of 
Ta, a(0) is complicated, exhibiting the effects of edge diffraction from both the 
imaginary (black sphere) and real parts of the potential (coulomb 'edge' and 



670 	 M: A. D. Fluendy et al. 

different branches), the latter tending to dominate. Typical scattering to be 
anticipated from these cases is shown in figures 10 and 11. The effect of increasing 
the black sphere diameter is clearly seen. 

ELASTIC 

Figure 10. Elastic scattering from Ku2  on the diabatic potential with several 
sizes of black sphere (Ta) representing chemical reaction. 

0 
cD 

I 	dLAB 
10 	20 	30 

Figure 11. Elastic scattering from K/I2 on the adiabatic potential with several sizes 
of black sphere (Ta) to represent chemical reaction. 

The salient feature of these rather crude attempts at fitting. is that in order 
to introduce the observed number of maxima in between 0° and 2° (laboratory), 
diffraction effects arising from the edge of the coulomb potential must be included. 
That is, models (1) and (2 a) are unacceptable. The peak structure arising from 
the adiabatic potential is shown in figure 6. 

This conclusion is further supported by the sharp fall in elastically scattered 
K intensity observed at wide angles [10]. As suggested by Herschbach this 
behaviour is typical of orbiting at large impact parameters [16] and would be the 
expected behaviour or trajectories around the rim of a steeply falling adiabatic 
potential. 
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These experiments suggest that electron transfer is not inevitably followed 
by chemical reaction because elastically scattered (i.e. urireacted) potassium 
shows signs of having experienced a coulomb potential. 

The cause of this might be sought either in angular momentum considerations, 
effect of the re-orientation of the 12 in- the time of approach of the alkali atom 
or, just possibly, in some more general angular momentum requirement related 
to the rotational state of the halogen molecule. All these questions can be 
illuminated by a study of the classical trajectories resulting from various assumed 
potentials. 

D. S. Home thanks the Carnegie Trust and A. W. Morris the Science Research 
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I. Philosophy of the Monte Carlo Method 

Traditionally investigators have sought to reduce the complexities of 
experiment to concise mathematical statements or "models." These formu-
lations have fulfilled two principal functions. First, and of immediate 
practical value, they enabled the results of an experiment t6 be predicted. 
Second, they frequently provided an insight into the mechanism of the process. 
The kinetic theory of gases is a classic example. Unfortunately, to obtain 
this concision idealizations and approximations are often required, and in 
many cases no useful analysis of anything approaching the real situation is 
possible. 

The Monte Carlo method (1-7) is no less ambitious in function but 
replaces the mathematical analysis by a digital-computer algorithm in which 
the approximation due to the requirements of the mathematical analysis can 
be avoided. In its conceptually simplest form the method may be a direct 
mathematical simulation of the physical system. Thus Alder and Wain-
wright (8) have studied the dynamics of gases composed of hard spheres. 
The trajectories of molecules were followed by solving the simultaneous 
classical equations of motion numerically to predict the locations of the 
particles at successive short intervals of time. After each interval the system 
was examined to discover whether any collisions had occurred. After any 
collision suitable new velocities were given to the particle involved and the 
process continued. The changes in velocity distribution, for example, were 
then followed by recording the velocity of every particle through many 
cycles. This application is typical of many in the molecular sciences in that 
the individual processes (in this case the collisions) may be quite well un'der-
stood, but the bulk or average properties can not be readily related to these 
events. These calculations are of special interest in illustrating the use of the 
method as a guide to intuition. For this purpose the numerical accuracy of 
the computed results may be of secondary importance to the design of 
output arrangements that enable a comprehensive picture of the process to 
be gained. As an example, Fig. I shows the trajectories of hard-sphere 
molecu,jes in solid and liquid phases (8). The computed molecular paths are 
output directly to a cathode ray tube and photographed; the effect of 
changing the parameters in the model can then be quickly explored visually. 

In other applications, e.g., to polymer properties, the Monte Carlo 
technique has used a more probabilistic formulation. Thus if we wished to 
calculate the time-independent properties of a freely jointed chain of non-
overlapping particles, we could proceed in two ways. We might prefer to 
use a simulation and follow the time evolution of such a system (starting from 
an arbitrary state) by solving the equations of motion and so calculate a time 



Fig. 1. Trajectories of hard-sphere parucies are Wsplased on a catnode 	:e hooked 
directly to a computer. Top shows solid state, bottom liquid. Reprinted from Ref. (8), 
p. 124, by courtesy of Scientific American, Inc. 

47 
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average of the property. Alternatively we could generate a series of specific 
configurations of the chain. If this series is chosen at random it will form an 
unbiased sample of the population of all possible configurations of the 
chain. The properties of the sample will then be an estimate of the properties 
of the population, i.e., of the chain. This estimate can be made as accurate 
as we wish by taking a large enough random sample (though in practice 
enough will often be inconveniently large). 
• To develop these i4eas  further it is useful to consider a trivial but analogous 

problem, the evaluation of an integral 

f
b 

j dx 
	 (1) 

In practice if such an integral could not be evaluated analytically, a con-
ventional numerical method would be used. Nevertheless, a Monte Carlo 
estimate of I, Ican bemade. The procedure is to draw a sequence of random 
numbers -c from 	 in which any 
number in the range has an equal probability of being chosen. The ran-
dom numbers ej so drawn are used to generate a series'off(€)'s that are a 
representative sample of the population of all possible f(x)'s. Intuition will 
then suggest and the Strong Law of Large Numbers confirm that our esti-
mator I will be: 

i [(b - 
PT—] 
	

a < c < b 	 (2) 

and that in the limit, 

I=LimI 	 (3) 
N— oo 

Somewhat different prospects appear when attempting to calculate prop-
erties that arise from nonuniform distributions. For example, integrals 
arising in statistical mechanics of the type 

I f(q) exp[—E(q)/kT] dq 
1J0 	

• 	•4) 
I exp[—E(q)/kT] dq 

.Jo 

wheref isthe average or expectation value of the propertyf(q). Frequently 
a large region of q is of high energy (E) and contributes little to]'. 

This type of problem could be tackled as before by sampling from a 
uniform distribution of q and evaluating the estimate as 

b N 

	(=I 
 1(;) exp 

N=i 	 T 	
(5) 
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More usefully in this case we might draw random q's from a Boltzmann 
distribution, i.e., such that the probability of drawing a particular value of q 
was proportional to exp[—E(q)/kT]. The estimate off would then be 

N=i 
	 (6) 

The latter method avoids the difficulties associated with the integral, 
since relatively few cases will be taken from the energetically unfavorable 
regions of q. 

The simple examples given so far serve to illustrate the spirit of the 
method, which has been called experimental mathematics. In many appli-
cations the straightforward methods of simulation will require an impossibly 
large amount of work. More complicated but related procedures must then be 
employed in which all our available a priori knowledge of the problem is 
used to reduce the amount of work needed. To understand these procedures 
we must consider the method in more detail. 

II. Statistical Introduction 

It should already be clear that a knowledge of elementary statistics is 
basic to the understanding and successful employment of the Monte Carlo 
method. A brief outline of the more important statistical techniques or 
concepts is therefore given here. Undoubtedly, however, the intending 
practitioner will do well to broaden his knowledge by consulting some more 
extensive works (9, 10) on the subject. 

A. FIJNDAMENTAL IDEAS—EVENTS, SAMPLES, AND PROBABILITY 

As in many other fields, considerable use is made in statistics of the "ideal" 
or "conceptual" experiment so that we may ride roughshod over the mundane 
difficulties with which the real world would otherwise oppose us. For 
example, the primitive statistical experiment of coin tossing is idealized so 
that we may consider only two possible outcomes, heads or tails, and 
neglect other physically real, but for our purpose irrelevant, possibilities, 
such as the loss of the coin. 

The outcome of any experiment or observation on an ideal system such as 
this can then be regarded as a point, a sample point, in a space described by 
all points corresponding to possible outcomes of the experiment. Such a 
space is, naturally enough, known as a sample space. Thus in a simple 
dietossing experiment the sample space will comprise the 6 sample points 
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corresponding to scores of I to 6. The result of any experiment can then be 
described in terms of sample points. For example, a result in which we 
score more than 3 is represented by the sample points 4, 5, and 6. Such an 
aggregate of sample points is known as an event. The event that we score 
more than 3 can be said to contain the sample points 4, 5, 6. 

In this simple example the sample points are all discrete, but the sample-
space description can equally well be applied to a system containing a 
continuous distribution of points, representing, for instance, the distance 
between the points of impact of shells and their target. The examples 
discussed so far have involved simple events. The term compound events can 
be applied to results comprising several simpler events. Thus the event that 
we score more than 3 in each of two throws of a die is decomposable to the 
two simple events of scoring more than 3 in each throw. 

Having established our notions of sample points and sample space, we can 
now introduce the concept of probability by means of the following con-
vention. 

For a discrete sample space containing the sample points E1 , E2 , 
E3 ,.. . , we assume that with each point E5  there is associated a number 
called the probability of E,, denoted by 9[E5]. It must be nonnegative and 
is normalized by the convention 

9[E1] + [E2] + . = 1 	 (7) 

For simplicity we are considering discrete sample spaces, but by a fairly 
straightforward extension continuous spaces can be dealt with in a similar 
way. 

Further, we define the probability [A] of an event A as the sum of 
the probability of the sample points in it. 

Thus if e1[AI] and [A2] are the probabilities of a sample point lying in 
the circles Al and A2 of Fig. 2, the event that a sample point lies in any 

Fig. 2. Venn diagram of nonindependent events Al and A2. 
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circle is 

	

9[A] = P[Al] + 91[A2] - 1[AlA2] 	 (8) 

where I?1[AJA2] is the probability of the sample point lying in thç shaded 
region common to both circles. This probability must be subtracted on the 
right-hand side of Eq. (8), since it is included in both 9[A1] and 9 CA21 and 
would otherwise be counted twice. 

If [AlA2] = 0; i.e., if no sample points are common to Al and A2, then 

[A] = .9[Al] + eI[A2] 	 (9) 

We are now in a position from which knowledge of the [E1 ] for each 
sample point enables us to calculate the probability of any event or combin-
atión of events occurring in that sample space. The simplest assumption of 
equal probabilities for each sample point is applicable to our ideal coin- or 
dice-tossing experiment. 

In more complicated compound events it is useful to use the ideas of 
combination and permutation. For example, from a population of n discrete 
events we can cho6se r elements to form a sample of size r. Depending on 
whether or not we replace each event after sampling it (i.e., whether or not 
we allow each element to be sampled more than once), there will be 

(n)=n(n-1)(n-2)"(n — r+l) 

= 	n! 	 (10) 
(r - 1)! 

different samples possible without replacement and nr  with replacement. 
If samples are regarded as unique only if they differ in the elements they 

contain, i.e., if different orderings of the same elements do not form a dis-
tinguishable sample, then therewill be 

	

n(n - 1)(n— 2)(n - r± 1)(n)r 	 (11) 
r! 	 r! 

distinct samples (without replacement), since there are r! ways of ordering 

r elements. The term (n)r/r! is often written as () and is a binomial 

coefficient. In such a situation the probability of drawing r specific elements 
in a sample of size n would be rJ/(n)r. 

A well-known example of the utility of these ideas is provided by Maxwell-
Boltzmann statistics. This problem can be regarded as the allocation of r 
indistinguishable objects among boxes. There are nr  ways of distributing r 

objects among n boxes. But since the objects themselves are identical, only 
arrangements having a different number of objects in one or more cells will 
be distinguishable. If the limits of the boxes are represented by bars and the 
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objects by balls, a particular configuration might be drawn as 10001101 	I, 
i.e.; 3, 0, 1, . . . , etc. objects in the first few boxes. Since h ± 1 partitions 
are required to form n boxes and the first and last items must necessarily 
be partitions, the number of distinguishable arrangements is equal to the 
number of ways of selecting r positions from the n + r - 1 at our disposal. 
There are thus (n + r 

- ) distinguishable arrangements. Such arrangements 

will not have equal probabilities, since each is compounded from many 
permutations. Individual permutations have equal probabilities by definition, 
but each distinguishable arrangement will have a probability in proportion 
to the number of permutations of objects and cells that achieve that particular 
arrangement. 

B. PROBABILITY DISTRIBUTIONS 

In the discussion so far we have considered the probability of discrete 
events only. In many cases a continuous range of distribution (as, for 
example, the end-to-end distance in a polymer molecule) is possible. It is 
convenient in this situation to define a function of x such thatf(x) dx is the 
probability that the value of the variable lies between x and x + dx. Such a 
function is known as the probability density function (pdf). In the same way 
f(x, y) represents the probability of the event lying in the square bounded by 
x, x + dx, y, y + dy, and so on in higher dimensions. 

In multidimensional distributions it is also useful to define functions 
f(x I y) etc., which represents the conditional probability of an event lying 
between x and x + dx if the other variable is known to have the specifiè 
value y. The function f(x I y) is called a conditional, probability density 
function. The joint pdf of the variables x and y is given by 

f(y, x) f2(y)f3(x y) =f4(x)f5(y I x) 	' 	(12) 

and the one-dimensional distribution by 

f-0000 

	 (13) 

and so on. The variables x and y are said to be independent if 

f(y,x) = f2(y)f4(x) 	 (14) 

There is no correlation between y and x, and a knowledge of one is of no 
value in predicting the other. 

In analogy with the compound events of discrete sample spaces, the 
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probability of the event lying in the range a to b will be 

- 	 b 

	

e[a<x<b]=Jf(x)dx 	 (15) 

and similarly in higher dimensions. It is sometimes convenient to use such 
integrated pdf's instead of the simple pdf's. A special case is the cumulative 
distribution function (cdf): 

F(x) =Jf(x) dx = eI'[event lies between x and - co] 	(16) 
- 00 

There are an infinite number ofdistribution functions possible, but in 
practice it is found that only a few distributions occur very widely. The 
rectangular (uniform) distributions and the normal (Gaussian) distribution 
are examples. 

1. Rectangular Distribution 

The rectangular distribution has a pdf. 

~ 11(a— b) 	a<x<b 
f(x) = 	. 	 (17) 

0 	 otherwise 

The probability density distribution and cumulative functions are shown in 
Fig. 3. The function meets the usual requirements for a pdf being positive 

I/si-b) 
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Fig. 3. A rectangular distribution between a and b showing the probability density and 
cumulative distribution functions. 
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throughout the range and having unit area under the curve. The limits of 
distribution are usually taken as 0 and 1 if not otherwise specified. 

2. Normal Distribution 

The normal distribution is perhaps the best-known, since it is found to 
describe the distribution of error in an observation where the measurement 
is subject to a large number of independent random additive errors (a result 
expressed more formally later as the central-limit theorem). 

The normal-distribution function has a pdf 

1 	r-(x - 11)21 
f(x) = 

2 7w 
— 	

i 2 
expI 	2 	—cc <x.< cc 	(18) 

L 	J 
and a cdf 

F(x) 
= 22 

fX 
exP[}' _ /

A)] 
dy 	 (19) 

as shown in Fig. 4. The parameters cr and u describe the width and location 
of the distribution and will be discussed in more detail later. 
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Fig. 4. The Normal or Gaussian distribution. Both pdf and cdf are shown (a.= 0.0 
= 1.0). 	 - 
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The most probable event is at the peak in the pdf and the region of steepest 
gradient in the cdf, both at 1u. 

3. Poisson Distribution 

The Poisson distribution is another important distribution. The number 
of radioactive disintegrations occurring in a time t is a well-known process 
following the Poisson distribution. 

The distribution has a pdf 

p(x) = [(At)x/x !] exp(—At) 	for x = 0, 1,2, . .. 	(20) 

where p(x) is the probability of exactly x events occurring in an interval t 
and A is a parameter describing the distribution. p(x) is, of course, a discrete 
distribution in x. Thus the normalization condition does not result from an 
integration but from the summation of p(x) for all x, i.e., 

co 

1.0 =P(X) 

The distribution shown in Fig. 5 shows the variation in p(x) as a function 
of t, i.e., time. 

0.4 

- 	0.3 

0.2 

0 
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CL 01 

0 
0 	1.0 	2.0 	3.0 	4.0 	5 	6JO  

Fig. S. The Poisson distribution. The probability of exactly 0, 1, and 2 events occurring 
in a time I are shown as a function of t. 
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4. Chi-Squared Distribution 

The x2 distribution has a pdf 	 0 

1x2_1 cx 
f(x) = 	

i " 
	" 	where 0 < x < 	and v = 1, 2, 3, v 2 F(p/2) 

(21) 
I'(y) denotes a gamma function of y, and v is a parameter correspdnding to 
the number of degrees of freedom. The distribution is plotted for several 

I 	2 	34 	56 	7 	8 	9 	10 11 	12 

Fig. 6. The chi-square distribution. Reprinted from Ref. (10), p.  153, by courtesy of 
John Wiley and Sons, Inc. 

degrees of freedom in Fig. 6. This distribution is sometimes used in testing 
the goodness of fit of data to hypotheses. It can be shown that if there are k 
possible outcomes to an experiment and if the hypothesis suggests that these 
have frequencies oc, , . , OCk while experimentally frequencies 

are observed, then the quantity 

F = Lim (m - 
oCi)2 	

(22) 
Mi1 	01i 	 - 	 - 

will be distributed as a x 2  variable with k - I degrees of freedom as the 
number of experiments (M) increases to infinity. Extensive tables of this 
function exist, so by evaluating F for a particular experiment we can check 
the probability of the hypothesis being well-founded. 

C. MOMENTS AND EXPECTATIONS 

For the distributions considered so far, at most two parameters were 
required to specify them completely. In general such parameters can be 
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related to the so-called moments of the distribution; for example, a pdf 
f(x) will have its first moment about the origin 

1A, = f I x f (x) dx 	 (23a) 

and its nth moment about the origin 

/Z =Jxnf(x) dx 	 23b) 

(By definition 	= 1.0 for a normalized distribution.) 
In the same way central moments, i.e., moments calculated about /4 or 

the mean value of the distribution, are defined as 

nth central moment u, =J(x - 1uf(x) dx 	(24) 

The most important are the first moment and the second central moment-
the mean and variance, respectively. The mean is the measure of the location 
of the distribution, and the variance of its width or dispersion. 

For the normal distribution the mean and variance will be 

1  
i4 	f-0. 	 l

2a 	
xexp 	2 L 2 	] 

dx 	
(25) 

and 
1 f-0.0 	 I (x—u)21

/22 = 
— j 	(x -/4)2 exp 	

2a2  j 
dx  

2iia  

(26) 

The mean and variance are thus 1u and r2  as expected. 
The Poisson distribution 

()t)z 
p(x) = 	exp(—At) 	 (20) 

x! 

is rather different. It has mean and variance both equal to 2t. In addition 
the Poisson distribution has higher moments; e.g., 1 1 = (At) 1 12 , which is 
a rough measure of its asymmetry or skewness. 

For some distributions moments may not exist; thus the Cauchy distri-
bution 

f(x) = (IT[1 + (x - 0)2]) 1  

yields expressions for the moment, i.e., Eq. (23), that are not absolutely 
convergent. 
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Moments can also be defined for conditional and joint pdf's. Forf(x I .v) 
the variance of x given a specific value for y is. 	- 

var(x I y) =J(x - 1)2 f(x I y) dx 	 (27) 

where 

= fxf(x I y) dx 

For joint pdf'sf(x, y) a covariance can be defined as 

covar(x, y) =Jf(x - ) (y - 4)f(x, y) dx dy 	(28) 

where 	and u are the one-dimensional means, i.e., 

=fx[Jix. y) dY] dx 	 (29) 

The covariance is a rough measure of the independence of the two variables. 
If x andy are independent, 	. 

f(x,y) =f(x)f(y) 	. 	(30) 

and then Eq. (29) is zero, i.e, 

covar(x,y)=0 	. 	 (31) 

Note that the reverse need not be true; a zero covariance is not proof of 
the independence of x and y. As an illustration we can consider two in-
dependent variables x and y with the same distribution h(x) and h(y). The 
composite variables 

X = h(x) + h(y) 

Y= h(x)—h(y) 

are then clearly dependent; a knowledge of one contains much information 
about the other. Nevertheless, the covariance  

covar (X, Y) = (XY) - 	 . 

=x2 —y 2 =0 
i.e., covar (X, 1') = 0. 	. 	 . 	. 

The calculations of moments is a special case of the use of expectation 
values. In general the expectation value of a function h—inphysica1 cases 
usually some property of the system—will be 

E(h) = f h(x)f(x) dx 	 (32) 
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wheref(x) is as usual the pdf describing the distribution in x. [For discrete 
distributions we replace ' by I and f(x) by'p(x).] The variance in this 
formulation [writing a2  for var(x)] is 

a2  = E(x - 

= E(x2) - 2u1E(x) + u12  
2 

= E(x2) - i12 =J xf(x) dx - [Jxf(x) dx] 	(33) 

a form that is often more convenientto use in computatiqns. With these 
definitions it can be seen from the properties of integration that 

	

E(ch) = c E(h) 	 (34) 

E(h1  + h2) = E(h1) + E(h2) 	 (35) 
But 

E(h1h2) 54 E(h1) E(h2) 	 (36) 

unless h1  and h2  are independently distributed. Similarly' it can be shown 
that 

var(ax + b) = a2  var(x) 	 (37) 

and that the total variance of a sum of many different sorts of observations 
x1 , each type of observation having a variance a,2 , is 

var(Ixi) = a,2  + 2 	covar(x,, xk) 
1=1 	' i1 	j=lk>j 

= a12  + 	covar(x 5 , xk) 	 (38) 
1=1 	=1/,itj 

or, if each observation is statistically independent, 

var(i

74 

xi) 	
Cri2

' 	(39) 

D. ESTIMATION AND THE CENTRAL-LIMIT THEOREM 

As was seen in the introduction, the Monte Carlo method involves the 
estimation - of the expectation value of some property of a system. We 
attempt to find h , an estimate of h, the expectation of h where 

h =f h(x)f(x) dx 	 (40) 

(Again this example is trivial, but sufficient to carry the argument.) 
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The method that we adopt to produce an estimate of h depends upon the 
statistical result known as the central-limit theorem (9, Chapter 10). If, as 
suggested; we estimateh by J, then 

h = lim h = lim 
(b - a) 

h(e1)f(ç) 	 (41) 
N-oD 	N- 	N 

where the e• are independent random numbers (the definition of random we 
defer to the next sectiolT) distributed uniformly over the range of the functions 
Ii and f. The central-limit theorem then asserts (subject to certain con-
ditions) that for large N, the variable ( - h)/(a/Nh/2) is approximately 
normally distributed with a mean of zero and a variance of one, where 

or 2 =J[h(x)]2f(x) dx - If h(x)f(x) dxl 

-h 2 -h 2 	 (42) 

In other words the estimate ii is normally distributed with mean h and 
variance a2/N. That is, 

g [~ 4 - h 1 	/2 ' 	X 

<] 	
(2i' 

	

f—'P 	\ 2 
)dx 	.(43) 

The central-limit theorem via Eq. (43) enables us to quote the probability 
of an error in an estimate of h exceeding the limit of 7Lf3a/N112 , if we know 
0r2 , the variance, for the process—an unlikely event in a real problem in 
which we would attempt to evaluate the mean. Nevertheless, a reasonable 
guess at 0r 2  may yield much information about the practicality of a particular 
problem. The probability that an estimate ii is in error by more than 
±3ojN112  for various values of j9 is shown in Fig. 7. The 99 % confidence 
limits can be set at h ± 2.58a/N1 /2  (a is known as the standard deviation). 

The central-limit result will hold provided the values of the function 
h(xjf(x2) are chosen randomly, are mutually independent and bounded. As 
it is a limiting law holding as N-- a, its practical value will depend upon 
how large N need be for the result to hold with useful accuracy. This value 
for N will depend upon the distribution being sampled. In practice for almost 
all distributions, N = 50 is effectively infinite. As an example, Fig. 8 shows 
the distribution of the random variable x = - e where the ç are 
random numbers rectangularly distributed between 0 and 1. They fit a normal 
distribution rather well. Most problems of physical interest will or can be 
made to satisfy these rather weak conditions. Thus for a particle executing 
a one-dimensional random walk, the expectation value for the number of 
steps N between successive returns to the origin does not exist. The number 
of such returns in N steps is in fact proportional to N112 , i.e., a return becomes 
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Fig. 7. Probability of an error exceeding /N'/ 2  for a range of a's. 

progressively less likelyas the walk proceeds. However, although the ratio 
of the number of returns to the number of steps does not converge, the 
expectation value for the ratio of the number of returns to the square of the 
number of steps does exist; and a limit theorem can be used. 

If the mean exists but the variance does not, or is infinite, weaker limiting 
theorems known as the laws of large numbers will hold. Under slightly 
different conditions the strong and weak laws assert that the limit 

lim 	h(x 1)f(x) = h 	 (44) 
N—oo N 

0.4 

5.0 

Fig. 8. Distribution of 100 sums of ten random numbers each. The random numbers 
were drawn from a rectangular distribution. Reprinted from Ref. (10), p.  145, by courtesy 
of John Wiley and Sons. Inc. 
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still holds, though they can provide no information about the precision of an 
estimate at a particular N. In practice such problems are unlikely to be 
profitable targets for the Monte Carlo method, and some transformation of 
the problems to a more amenable form will be necessary. 

E. TIME AVERAGES 

Thus far we have been concerned with estimations in which each sample 
is selected randomly and without memory of previous samples. If this is not 
the case and the samples are related, as would be in the case in any "time" 
averaging method where successive samples are snapshots of the system at 
short intervals of time, rather different problems arise. First, the expectation 
values we are attempting to compute may themselves be changing with time, 
i.e., they may be nonstationary. Even for a stationary system it may be 
found that the time average may not converge to the same value as would be 
obtained from a random sampling method. This is of course the familiar 
problem in statistical mechanics of relating time and space averages. 
Systems in which they may be equated are called ergodic, and any part of the 
system may be reached in a finite number of steps from any other, part 
(9, Chapter 15). The requirements for this ergodic behavior are discussed in 
more detail in Chapter 2, Section 111,17. 

In real sampling experiments the conditions are more severe, since- the 
number of steps required to pass between any two regions must be small 
compared to the total number of samples or steps made in the computation. 
These requirements are discussed in more detail by Wood and Parker (11), 
who describe systems in which time averages converge in the sampling 
context as quasiergodic. Frequently the practitioner will have to rely upon 
intuition in deciding whether a particular system and sampling procedure is 
quasiergodic. The use of a series of different starting configurations to 
generate (in analogy with the ideas of statistical mechanics) an ensemble of 
life histories for the model will be of value in deciding upon the ergodicity of 
.asystem. - - - 

If we confine our attention to stationary time averages, i.e., systems in 
which the expectation values are not themselves changing in time, the 
time-average properties of a system may be related to moments and distri-
bution functions (12). Thus for ergodic systems the cdf F(x) is 

F(x) = lim - 	C[x(t)] dt 	 (45) 
T-2TJ-T 

where 
- 	 1 	if y<x 

0 	ify>x 
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More generally, expectation values for a function h(x) (e.g., x2  for deter-

mination of variance) are 

h = 	h(x)f(x) dx = urn - 	h[x(1)] dt 	(46) 
r-. 2T J-T 

wheref(x) is the pdf describing the distribution of the time process x(t). The 
central-limit theorem will also hold for these estimates, / 

(47) 
Nt=i 

provided that both the mean and variance of h are finite. 

Ill. Random Numbers—Generation and Testing 

The accuracy of sampling methods, whether applied to a real population 
as in a Gallup poll or to a population formed from a hypothetical model, 
as in a Monte Carlo calculation, depends upon the sample, being typical of the 
population from which it is drawn. This is usually ensured by selecting 
cases for. inclusion by a purely random process and by taking care to have 
a sample sufficiently large to represent the fluctuations in the population. 
The random selection is produced by generating cases from a series of 
random numbers. The first requirement for the method is thus a supply of 
"high quality" random numbers. 

In a strict sense any noninfinite sequence of numbers cannot be random, 
since eventually we shall be able to discover a test of randomness that they 
will fail. It is more convenient to define them operationally. Thus random 
numbers will be of good quality if they produce an unbiased estimate in a 
particular problem. For other problems this sequence might be less 
successful. In practice it is found that sequences meeting a relatively few 
statistical criteria perform well in a large range of problems. 

A. GENERATION OF RANDOM NUMBERS 

Random numbers have been generated by a number of physical processes, 
usually involving the gating of an electronic noise generator to produce a 
series of pulses. A typical example is the technique used in the generation of 

&i'm's 1,000,000 random digits (13). Unfortunately, physical methods of 
random-number generation are rather slow, and bias is likely to creep in as 
a result of physical deterioration in the equipment, as in fact happened in the 
RAND operation. Such a bias can be detected only retrospectively. Physical 
methods are therefore not suitable for direct coupling to a digital computer. 
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For such applications an alternative method might be to generate the 
random numbers off-line and after checking to ensure that they meet the 
desired statistical specifications store them in the fast-access memory of 
the computer. Since very large quantities of random numbers are involved, 
this method is expensive of computer storage and has so far not been 
widely used. However, machine capacity is increasing, and input devices 
operating simultaneously with the computation make it desirable to re-
examine this approach. In some installations it may well be economic to 
keep a small store of immediate-access random numbers, "topped up" from 
a larger store such as a magnetic tape. 

For computers in which storage is too "expensive" or scarce to allow for 
this type of table look-up operation, it is necessary to sacrifice speed to 
storage limitations and to "compute" the random numbers as required. 
Such numbers will not be genuinely random, since they are produced by 
some deterministic sequence of machine operations. They are normally 
described as pseudorandom numbers. It is difficult to improve the definition 
of such numbers given by Lehmer (14) as "a vague notion embodying the 
idea of a sequence in which each term is unpredictable to the uninitiated and 
whose digits pass a certain number of tests traditional with statisticians and 
depending somewhat upon the use to which the sequence is to be put"! It is 
worth considering the methods used to obtain such sequences •  of pseudo-
random numbers, since besides their direct application they might conveni-
ently be used to produce off-line stocks of random numbers for use with a 
table look-up procedure. 

Attention will be confined to the generation of uniformily distributed 
random numbers in the range 0-1, a rectangular distribution. From a 
distribution of this type it is possible to produce any other distribution of 
random numbers, as will be described later. 

Many methods have been used to generate such sequences of pseudo-
random numbers, but multiplicative methods now seem to be in most 
general use (15). They depend upon recurrence relations of the type 

r = (kr_1  + C) mod N 0 < r1  < N 	 -(48) 

where the instruction "mod N" means divide (kr1_1  + C) by N and take the 
remainder as r,,; k and C are integers between 0 and N - 1. 

Thus if N = 8,k = 5,C = 3,andr0  = 4, the sequence of random numbers 
will run 

4,7,6, 1,0,3,2, 5,4,7,... 

The sequence repeats itself after 8 steps, and it can be shown that all such 
sequences repeat at least after N steps. Fortunately, by taking N very large 
and by choosing suitable values for k and C, the cycle length can be made 
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longer than the number of random numbers required in any conceivable 
Monte Carlo calculation (2). Most computer software packages now 
include pseudorandom number generating routines of this-general type. 

B. TEST FOR RANDOM-NUMBER SEQUENCES 

The actual tests employed will depend upon the nature of the problem for 
which they are required. In general we shall wish the random numbers to be 
uniformly distributed and (particularly in polymer or other random-walk-
type problems) uncorrelated along the sequence. 

1. Tests for Uniformity 

As a partial test for uniformity we may consider the moments of a sample 
of the pseudorandom numbers. For a completely uniform random distri-
bution between 0 and 1 the moments must be 

1st moment = - 
N=i 

= f x dx = 0.5 	as N 
Jo 

2nd moment = - x12 
N=i 

=f x2 dx= 0.333 	as N -~ co 

3rd moment = - x 
N==i 

=jx3 dx = 0.250 	as N-- 

and so on. 
A particular sequence of 30,000 pseudorandom numbers generated by 

a multiplicative method with r0  = 0173161123, k = 2973357946, and ri  

taken as the least significant ten digits divided by 1010 gave the moments 

shown in Tablç  1. The central-limit theorem result may be used to examine 
these moments. It can be shown that estimates of each moment will be 
approximately normally distributed about the expectation value. Thus our 
estimate of the first moment 1 will have a variance 

var(x) - 

N N 
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TABLE 1 

MOMENTS OF A PARTICULAR SEQUENCE OF 30,000 
PSEUDORANDOM NUMBERS 

Moment Found Expected Deviation 

1st 0.49839 0.5000 —0.00161 
2nd 0.33116 0.3333 —0.00217 
3rd 0.247715 0.2500 —0.0023 
4th 0.197763 0.2000 —0.002237 

so that 

f— P
- E(x)](a/N" 2)J <9] = (21r)_1/2  exp(__2 ) dy 

 2 / 

The value of9 chosen provides confidence limits for the deviation I- - E(x)I, 
for example 99% confidence limits are given by fi = 2.58; i.e., in only one 
calculation of in a hundred do we expect the deviation to exceed 2.58 i/N'/ 2 . 

The exact confidence limit at which we choose to reject the hypothesis that 
our estimated moments are compatible with a uniform distribution of 
random numbers is a subjective matter. Nevertheless, a deviation greater 
than the 99 % limits would be surprising enough to raise doubts about the 
uniformity of the distribution. 

The variance of the population can be calculated as 

	

(f.
1 	\2 

var(x) =x 2 dx - x dx 
 

Using the central-limit theorem we find the 31.7 % confidence limits on 
our estimate of the first moment are 

/0 . 0833\ 1 ' 2  
(3o,000) = ±0.0017 

i.e., 31.7% of first moments calculated from a sample of this size would be 
expected to differ from the exact mean for the population by more than 
0.0017. The deviation actually found (0.0016) is thus in accord with our 
hypothesis that the random numbers are uniformily distributed. Similarly 
for the second moment: 

• 	 1  var(x2) =j (x 2)2  dx - ( jx2 dx) 

= 0.0889 
The 31.7% limits are now 

/0.0889\h/' 2  
±0.0017 

(3o,000) =  
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compared with an observed deviation of 0.00217, which is likely to be 
exceeded in about 12 % of cases (see Fig. 7). The deviations of the moments 
are thus, with quite high probability, not different from those that might be 
observed in a sample drawn from a population with a truly rectangular 
distribution. On the basis of these tests we have no grounds for rejecting the 
hypothesis that the random numbers are rectangularly distributed. 

The uniformity of the distribution can be further tested by dividing the 
range into a series of intervals. The frequency with which random numbers 

TABLE 2 
FREQUENCY OF PSEUDORANDOM NUMBERS IN TEN 

EQUAL INTERVALS 

Interval 

Observed 
frequency 

f, 

Expected 
frequency 

fi 

0-0.1 2,487 2,555 

0.1-0.2 2,521 2,555 

0.2-0.3 2,559 2,555 
0.3-0.4 2,553 2,555 

0.4-0.5 2,631 2,555 

0.5-0.6 2,583 2,555 

0.6-0.7 2,491 2,555 

0.7-0.8 2,627 2,555 

0.8-0.9 2,557 2,555 

0.9-1.0 2,561 2,555 

Total 25,550 

fall into each interval can then be compared with that predicted for a uniform 
distribution. Such a test was applied to a sample of 25,550 random numbers 
generated by the same multiplicative routine as before. 

The random numbers (xj in the sequence were sorted into ten classes 
corresponding to ten equal intervals in x by applying the test 

(j- 1)/1 	Xi  < j/l0 

where j assumes integral values from 1 to 10. The total number of random 
numbers in each class was then recorded as f,, The results of the tests are 
shown in Table 2. From the results of the table it can be seen straightaway 
that the distribution is at least resonably uniform. A more revealing test, 
however, can be made by making use of the properties of the x2 distribution 

(10, Chapter 10). 
For Table 2, if the hypothesis of uniform distribution is correct, the 
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statistic: 

f)2 = 8.67 	 (49) 
fj 

must be distributed with ax 2  distribution of nine degrees of freedom (10 - 1, 
since the total number of random numbers in the table is known in advance). 
By reference to tables of the x 2  functions we find that 95 % of statistics 
calculated from data for which the uniform hypothesis is correct will yield 
x2  < 16.919, while only 5% will have x2  < 3.325. The value 8.67 found here 
is thus in the center of the range expected and supports the hypothesis of 
randomness in the number sequence tested. 

2. Tests for Serial Correlation 

To test for serial correlations, i.e., any periodicity in the sequence, we 
may use a rather more elaborate version of Table 2 and the x2  test. In this 
test we compute the frequencies f with which our random numbers x 2 , 

. . . satisfy the conditions 

and k_l<<k 

where h = 1, 2, 3, etc. to test for various periods of correlation. The 
numbers x are thus divided into 100 classes and once again we may use the 
x2  test to compare the observed class frequencies with those predicted for a 
truly random distribution. As an example, Table 3 shows the result obtained 

TABLE 3 

CORRELATION BETWEEN ADJACENT NUMBERS f. IN SEQUENCE 

k 
J 

0 1 2 3 4 5 6 7 8 9 

0 245 270 257 231 242 -263 245 -270 232 231 
1 257 214 237 248 257 256 270 271 250 261 
2 262 256 266 280 272 247 255 233 250 234 
3 272 249 278 269 233 249 232 267 259 225 
4 291 267 237 273 258 264 245 262 246 278 	- 
5 260 274 251 262 273 281 275 227 243 237 
6 251 230 238 256 258 237 241 250 266 264 
7 227 256 248 270 300 277 282 260 239 267 
8 258 257 231 243 247 250 251 280 247 265 
9 254 247 254 227 261 261 250 285 271 244 

Total = 25,500 
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from the same sample of 25,500 numbers with h = 1. The statistic is now 

10 
= 	 J1k) 	 (50) 

5=1 k=1 	fik 

The expected value in each class (fk)  is 255. From Table 3, x2 is calculated 

as 107.4. In comparison, tabulated values for x2 for 09 degrees of freedom 

show the following limits: 

	

x2  > 77 	for approx. 95% of samples 

	

x2  < 124 	for approx. 5% of samples 

Thus 90% of samples will lie in the range 77-124: A value of 107.4 is well 
within the likely range of distribution. The results in Table 3 thus show no 
evidence of adjacent-pair correlation. The test may be repeated for larger 
values of h to test for longer periods in the sequence. 

This particular sequence seems to meet the most important criteria of 
randomness. Many other tests can be applied and may be important for 
particular applications. Nevertheless, the ultimate test for all number 
sequences will be their successful use in a specific problem. Sequences meeting 
the tests discussed here can be expected to perform well in most applications. 

C. EFFICIENCY OF RANDOM-NUMBER GENERATION METHODS 

The random-number routine will usually be required at every iteration in 
a Monte Carlo computation and Will often appear in the innermost loop 
of the program. The time required for the generation of the random number 
can then be an appreciable fraction of the total computing time required for 
a problem. 

Typical multiplicative sequences require on the order of 5 basic instructions 
equivalent to about 10 microseconds per random number at current machine 
speeds. Other methods of generation, e.g., by additive processes that 
require fewer instructions, have been suggested, though not widely adopted. 
A generator of this type is described by Taussky and Todd (15). 

The efficiency of the alternative procedure in which a stock of random 
numbers is maintained on a tape or disc store depends critically on the 
reading speed, the rate at which random numbers are required, and the 
characteristics of the machine. A problem that required several random 
numbers in rapid succession followed by a longer pause would obviously be 
less demanding in read-in speed if a rapid-access buffer store were available. 
Magnetic-tape reading speeds are now in the range of 100,000 characters 
per second. Other large-capacity stores, such as discs or drums, have speeds 
on the order of 200,000 characters per second. Average demand rates up to 
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20,000 ten-digit random numbers per second can thus be met, with the 
possibility of higher peak rates if a rapid-access buffer store is used. For 
machines working in a time-sharing multiple-access mode (as is increasingly 
the case) other considerations arise. In such installations it is possible to 
arrange for machine time that would otherwise be wasted during the random-
number read-in to be used for other purposes, the economic penalty so being 
avoided. 

In all cases read-in rather than generation is likely to be much more useful 
if the random variables required are of a specialized nature, i.e., drawn from 
a particular frequency distribution. Alternatively, it is possible to input 
details of.a particular random sample of case histories, e.g., of polymer 
configurations. Such samples could then be weighted approximately and 
used in normal Monte Carlo averaging. In such application the case histories 
might be the result of previous Monte Carlo calculations. 

IV. Techniques for Transforming Random- N umber Distributions 

So far we have discussed the generation of rectangularly distributed 
random numb&rs only. Random numbers with other distributions will 
often be required and can usually best be obtained by transforming a series 
of rectangularly distributed numbers. 

The procedure is particularly simple if we wish to choose between discrete 
events. Consider the events of E, E5 , Ek, which exhaust the sample space 
and have normalized probabilities 	.9 (g+ I?1' + gk = 1.0). 
If 	is a random number distributed uniformly between 0 and 1, the 
probabilities for choosing E, E5 , Ek  can be realized by casting lots, i.e., 

	

E2  to occur if 	 0 < ç 

	

E, to occur if 	9  < ç < 9i + 	 (51) 

	

Ek  to occur if 	9i + 9, < E 

In a similar way, using the transition probabilities,, a Markov chain can 
be realized Thus if the states A 1 , A 2 , . . . , A are the possible outcomes, 
and the matrix of transition probabilities is 

/11 P12 	P1  

I 21 	22 	 P2n  

	

k: 	(52) 

	

Pn1  Pn2 	Pnn 
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U. 
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Then at each state A,, lots will be cast to determine the succeeding state A 5 , 

This realization with the appropriate probabilities can be effected by solving 
the following equation forj: 

5-1 	 5 

ik< 'ik 	 (53) 
lc=1 	 k=1 

where e is a uniformly distributed random number; 
For more complicated transformations involving continuous distributions 

several general methods are available (3, 5). 

A. INVERSION OF THE CUMULATIVE DISTRIBUTION FUNCTION 

Consider a normalized pdf,f(x), and its cdf, F(x). From the properties of 

a probability, F(x) must be a monotonically increasing function of x (see 
Fig. 9) ranging between 0 and 1. 

The probability of choosing a random number € from a uniform 
distribution that corresponds to .a value of x = x 1  in Fig. 8 is 

x 

Fig. 9. Transforming from a uniform distribution by inverting the cdf. The uniform 
random number q transforms to x j  with the .desired distribution. 
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dFfdx 1  =f(xj; but 

= F(x) =Jf(x) dx 	 (54) 

Thus the x i  corresponding to a sequence of € are distributed according to the 
pdff(x). Inversion of Eq. (54) will therefore yield a relation for transforming 
a uniform distribution of random numbers into a distribution with pdff(x). 

As an example the pdf ex  where x may run from 0 to co can be sampled 
in this fashion. Relation (54) is now 

ç  =j exp(—ax) dx 

exp(—ax3] 

a 
so that 

—ln(1 - a€.) 

a 	
(55) 

provides a source of random numbers x i  with an exponential distribution. 
This method is of general use provided only that relation (54) can be 

inverted. In some cases the inversion, while possible, may lead to a compli-
cated expression involving several exponentials, etc. In such cases alternative 
methods may be less expensive of computer time. 

B. REJECTION TECHNIQUE 

If the inversion method is inconvenient or impossible, the rejection 
technique may provide a suitable alternative. Once again uniformly distri-
buted random numbers are used, but in this method they are subjected to a 
test, the outcome of which is determined by another random number. The 
test is so arranged that those numbers satisfying it have the desired distri-
bution. The basis of the method can be understood from-Fig. 10. Mi -is the 
maximum value of the required pdff(x), which is zero outside a, b. The 
prescription for producing a sequence of random numbers with the desired 
distribution is to choose a pair of random numbers e, m from a uniform 
distribution. They are then used to define a location in the rectangle (dashed 
in Fig. 10). 

x i  = e(b - a) + a 

= M 	
(56) 

These locations are uniformly distributed about the rectangle. 
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N1  

i i  

* 

Fig. 10. Realization of a pdf by rejection. The desired pdf is represented by the shaded 
area. The point D(f1 , x,) would be rejected. 

If f, <f(x 1) 	x2  is accepted as a random 
number from the pdf f(x). 

If fi  > f(x) 	a new pair of random numbers 	(57) 
is generated and the process 
repeated. 

For any x the probability of occurrence in the final sequence is 

[x] = .[being chosen in step I]9[acceptance in step 2] 

In this example since the initial distribution of x 1  is uniform: 

[x] =f(x) 

While this method may be used to generate a sequence of random numbers 
of any distribution that is bounded, it may be very inefficient if the number of 
xi  rejected at step 2 is high. In Fig. 10 the fraction of numbers accepted is 
represented by the ratio of the shaded area to that of the whole rectangle, i.e., 

	

Jb 	
1 

	

fraction accepted = a 	= 	 (58) 
(b - a)M (b - a)M 

If both the rejection and inversion methods are unsatisfactory alone, the 
two may be combined with advantage. Thus in Fig. 10 we could decrease 
the rejection rate by sampling locations not in the rectangle but in some 
figure that enclosed the desiredflx) but was of smaller area than the rectangle. 
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To use this technique we factor the pdf we wish to realize, sayf(x), as 

f(x) = h(x) G[k(x)]. 	 (59) 

where the distributions h(x) and G[y]  (a cdf) are chosen so as to be con-
veniently realizable (e.g., by an inversion method), and k(x) is a function 
at our disposal. - 

The prescription is then much as for the simple rejection method. We 
pick a location x, yj;  xi  is chosen from the pdf h(x) and yi  from the distri-
bution g(y) (cumulative distribution G[y]). 

if y i  < k(x) 	then x2  is accepted 	
60 

if y1 > k(x2) 	then the process is repeated 	( 

The probability of accepting x i  at the first step, i.e., of y < k(x3, is 

G [k(x 2 )] 

The overall probability of x1  occurring in the final sequence. is therefore 

h(x1) G[k(x)] =f(x) 
as desired. 

The probability of acceptance at each trial is 

jh(x)[k(x)]dx 	- 	 (61) 

For good efficiency this probability should be high. - In general we shall 
want h(x) to mimicf(x) as closely as possible (cf. the broken curve on Fig. 10). 

C. COMPOSITION METHODS 	 . 

The composition method, like the rejection method, is also based upon 
compounding probabilities. If the pdf we wish-to realize can be expressed 
in the form . 

- 	- 	- 	
f(x) 	dG(z) 	 (62) 

00 

where h(y) represents a family of distribution functions related through the 
parameter z and. G(z) is a cumulative distribution function, then from 
Eq. (62) we see that f(x) can be realized by a two-stage sampling process. 
The first random number is drawn from the distribution G(z) and is used to 
select a particular h(y) from its family of related pdf's.. The second random 
number is then drawn from this distribution [h(y)] and will have the 
desired pdf. 
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D. PIECEWISE FITHNG 

If no convenient or efficient generating method exists for a particular 
distribution,it may often be sufficiently accurate to use a piecewise approxi-
mation to the required distribution. Figure 11 shows the method. The 
distribution to be realized is the solid curve. It must be bounded or truncated 
and is then divided into a number of regions (C - C1_1), (C +1  - Ce), etc. 

Each region is associated with a fixed probability k i  chosen as an approxi-
mation to the required probability f(x) in that region. The probability of a 
sample drawn fromf(x) lying in the interval (C,1  - C1) is 

f
Ci±t 

f(x) dx = k. 	 (63) 
ci  

But f f(x) dx = 1, since f(x) is a normalized pdf. Therefore, Ik i, = 1.0. 

Thus if n intervals provide a sufficiently good approximation tof(x), we may 
choose convenient C2 's and evaluate all the k g's. A specific intervalj can then 
be chosen in accordance with its probability by solving the relations forj: 

i-i 

	

€ 	k., 	€ > Iki 	 (64) 
j=1 	 j=1 

A value for x, is finally obtained by selecting another random number 27 

(again from a uniform distribution) and using the relation 

= C,_1  + (C5  - C2_1) 	 (65) 

f(z) 

ci c + i 
x 

Fig. 11. Piecewise fitting. The pdf (solid curve) is approximated by the dotted line. 
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This method is often of special value when used in conjunction with a 
correction or weighting factor. The value of x 1  found in Eq. (65) can thenbe 
awarded a weighting factor w, so that the piecewise approximation to the 
probability combines with the weight to produce the exact probability. For 
example, if the value of x chosen, x, falls in the region C - C2_1  then 

w5  = 

The use of these weights is discussed in more detail later. 

E. EXAMPLES OF USEFUL TRANSFORMATIONS 

For the more commonly used distributions rather efficient transformation 
methods have been developed, some of which are listed here. A more 
comprehensive account is given by Khan (3). 

Once again e, n i , pi  represent random numbers from a uniform distri-
bution between 0 and 1. 

1. Normal Distribution 

f(x) = 	exp 	- co < x 	 (66) 
(z,,T/1/2 

	 2 

a. Central-Limit Theorem. One Of the simplest methods relies upon the 
central-limit result that the sum of a large number of independent random 
variables is normally distributed. 

The relation used is 
N 	 - 

; =-2(c) - N 	 (67) 

For applications in which the tails of the, distribution are not of special 

L.Generote 	ci I 
I 	 - 

L i 

jx12S1 

Fig. 12. Block diagram of generation of normally distributed random numbers x i  from 
uniformly distributed random numbers c, using the central-limit theorem. 
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Allocate ± sign to x1 
at random to produce 

negative range of distribution 

Fig. 13. Block diagram of generation of normally distributed random numbers x 1  from 

uniformly distributed random numbers e,, i, and pi using a rejection technique. 

interest, N may be -.10. The procedure is illustrated by the block diagram 
in Fig. 12. Faster convergence to the asymptotic behavior may be achieved 
by a further transformation (16). 

b. Rejection Techniques. A straightforward application of the rejection 
method yields the prescription shown in Fig. 13. The probability of the 
acceptance at each trial is 0.76. 

Sine and Cosine Distributions 

The presciption shown in Fig. 14 generates the sine and cosine of a 
uniformly distributed angle by a rejection method.. This procedure is 
considerably more efficient in machine time than the alternative of generating 
a random angle and then computing its cosine or sine. 

Random Square Roots 

The straightforward generation of a random square root by taking 

xg  = ei 	 (68) 

is a rather time consuming process because Of the square-root extraction. 
The same distribution can be achieved more rapidly by a rejection method. 
By reversing the arguments used in discussing the inversion method, we can 
show that the x1  generated by Eq. (68) will have a pdf = 2x. Choosing a 
random number from this distribution will be equivalent to Eq. (68). An 
especially simple technique can be used for this pdf. Two random numbers 
are generated, ç, i',, and the larger of the two is accepted. The probability 



Generate e i  ond i 

Cosine  

L n crate 

2ei 1 	 _______ 
Lsn1e 	2 	2 	 r12 

Fig. 14. Block diagram of generation of sine and cosine of uniformly distributed angles 
from uniformly distributed random numbers E, m, and p. 

Generate t and m 1 

- 	
no 	 yes 

[x Ci 

Fig. 15. Block diagram of generation of random square roots from uniformly distributed 
random numbers €, and 4j . 

LOI 
I. 

Io! 
Generate' 

s=I- €i 	I 

no 

Fig. 16. Block diagram of generation of exponentially distributed random numbers x1  
from uniformly distributed random numbers €, and 77i using a rejection technique. 
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of either being accepted is given by their cdf, i.e., x. The distribution 
generated is the sum, 2x. 

This is illustrated in Fig. 15 and is a special case of a more general method. 
The distribution nx'' can be realized by choosing the largest of n in-

dependent numbers. 

Exponential Distribution 

An exponential distribution can be achieved by an inversion method 
discussed in Section IV,A. Alternatively a rejection technique due to Von 
Neumann can be used (3, 17) as shown in Fig. 16. 

V. The Monte Carlo Method 

As discussed in the beginning of this chapter, the term Monte Carlo has 
been employed to describe a wide range of procedures involving the notion 
of sampling. In a straightforward simulation the high speed of digital 
computers is used to explore the properties of a system not susceptible to 
conventional mathematical analysis. For example, much work has been 
carried out on war games in which the effect of different strategies can be 
rapidly examined. In other applications the mathematical model being 
sampled may bear little immediately apparent relation to the real situation; 
such transformations may often drastically reduce the amount of computation 
required to produce a satisfactory accuracy. 

In many applications the Monte Carlo technique is essentially used to 
perform a multidimensional integration. As an example of special interest 
here we may consider the self-avoiding random walk on a lattice, which is the 
model for many treatments of the polymer molecule. This is closely related 
to a multidimensional integral over all the configurations of the molecular 
chain. For the purposes of discussing the Monte Carlo method in more 
detail it is therefore convenient to consider its application to integration. 

A. PLAIN METHOD 

Consider the trivial example used in Section 1 of the estimation of 

1=5 
 b  

f(x) dx 	 (1) 

We have already seen from the central-limit theorem that the estimate 

Jb_af() 	aeb 	 (2) 
N=i 
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is normally distributed about the true value 1. The 95% confidence limits 
on/are 

- 	 . 	±2r/N 1 	 (69) 
where 0r2  is 

var[f(x)] = f 	 - J]2 dx 

2 

 =jb

2 
[f(x)]2 dx - (

f b
f (x) dx) 	 (70) 

For a precision in the estimate 1f ±E(with, say, 95% confidence) the work 
needed will be 

work = NT = (2a/E)2 i- 	 (71) 

where T is the time or cost per sample or iteration of the calculation. The 
efficiency is optimum when 12 is a minimum. 

The Monte Carlo method will clearly not yield high accuracy, since the 
work increases very rapidly as E is decreased. Convergence is only pro-
portional to N 1 12 ; e.g., a tenfold improvement in precision requires a 
hundred fold increase in the number of samples. 

In real applications it is very, unlikely that we would have a priori knowl-
edge of the variance off(x). It is more usual,to calculate a sample variance 
as the computation proceeds. Simultaneous estimates of I and var[f(x)] 
are thus obtained. For large N, var[f(x)] can be estimated as 

var[f(x)]= 	- ' 
[ f()]2 	' 	(72) 

The accuracy of our estimate of the error thus increases 'aS the calculation 
proceeds. Figure 17 shows typical behavior. The error bars represent 95% 
confidence limits calculated using the sample variance. Initially they are 
wildly optimistic, but as the calculation proceeds the estimates become more 
realistic. The separate curves represent repetition of identical calculations 
with different random-number sequences. It is interesting to note that as the 
calculation proceeds the estimates do not oscillate about the true value but 
rather converge slowly from one side or the other. This is characteristic 
of this type of calculation and can be understood in termsof the first arc 
sine law (9, Chapter 3). . 

It can be shown that the number of occasions on which the curve crosses 
the exact value is proportional to N112 . As N increases, such crossings 
become less and less frequent. More specifically the probability P of the curve 
spending less than a fraction a of the total number of iterations on one 
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.20 

1.15 

1.10 

1.05 

1.00 

500 	1000 	1500 	2000 
Numbsr of Itirotions 

Fig. 17. Convergence of Monte Carlo estimate to the exact result. Two sets of results 
for different random number sequences are shown (16). 

particular side of the exact value is 

P= 2 — arcsina 	 (73) 
77.  

Thus with probability 0.287, the curve will spend 95% Of the time on one 
side of the exact value. 

The rate at which Monte Carlo calculations converge, given by Eq. (69), 
is very slow compared to that of a more conventional numerical integration. 
Thus in the well known Simpson Quadrature the integration is performed by 
a systematic advance across the region to be integrated. The function is 
evaluated at regular intervals h, N in number (N must be even). Then 

(74) 

In this method the error decreases as N. Other systematic methods can 
perform even better. Nevertheless, as the number of dimensions in the 
integral increases, the Monte Carlo method becomes advantageous. 

In the systematic methods similar to Eq. (74) the number of intervals (or 
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samples using the Monte Carlo description) increases exponentially with the 
dimensionality of the problem. This is not the case with the Monte Carlo 
approach, where the efficiency depends upon the variance cr 2 . It is of course 
true that a2  also tends to increase with the dimensionality of the integral. 
However, this is not a necessary situation, and by special sampling techniques 
it may be overcome. As a rule of thumb, integrations in six or more 
dimensions are usually better performed by Monte Carlo methods. 

B. IMPROVING EFFICIENCY 

From relation (69) we can see that the speed of the method might be 
improved in two ways: by increasing the convergence rate, i.e., the N 112  
dependence, or by decreasing the variance. The latter method has so far met 
with more success. 

Quasirandom Sampling 

The rate of convergence can be improved by the use of quasirandom 
samplings. Such sampling is not truly random and is based upon a number 
sequence equidistributed in such a way as to produce an unbiased estimate 
but with a faster convergence. Such methods might be roughly described as 
following a self-avoiding trajectory through the sample space, in this way 
avoiding wasteful duplication due to several random-sample points falling in 
close proximity. Prescriptions for generating such sequences are described 
by Haselgrove (18). They are also discussed by Hammersley and 
Handscomb (5). 

Variance Reduction 

In most practical applications of the Monte Carlo method attention has 
been concentrated upon reducing the variance of the sampling process 
rather than, the use of quasirandorn number sequences. Essentially similar 
results can be achieved. Thus subdividing the region of integration into 
several smaller ones goes some way to ensuring the equidistribution of sam-
pling produced by quasirandom sampling. 

In all cases the variance reduction depends upon using information about 
the integral or process being studied to improve the sampling procedure. 
This information might be available before the computation or might be 
accumulated during the process of computation. 

a. Correlated SampIing It should already be clear that the Monte Carlo 
method is one of the last resort. If part of the problem can be handled 
analytically, it should be. Correlated sampling can be understood by 
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returning to the original example: 

b 

	

I = f 	 (1) 

and its variance 

	

J2 =5

b 	 b 	 2 

[f(x)] 2  dx - I51(x) dx] (70) 

If we can find a function h(x) that can be integrated exactly over the range. 
a to b, then the integral (1) can be written as 

1  5
b 	 b 

a 
[f(x) - h(x)] dx +5 h(x) dx 

and estimated as 

	

7 (b.— a)f[f() - h(e)] + J 
	a < Ei  < b 	(75) 

N =i 

where J is the exactly calculable integral of h(x). The variance of the 
estimate of I using Eq. (75) is 

(12 _j [f(x)  - h(x)] 2  dx - (J - J)2 	 (76) 

The virtue of this procedure is apparent if we choose h(x) to mimicf(x) as 
closely as possible. a,,2  will then be smaller than 0r2  and the labor required 
to estimate I to a given precision much reduced. Thus if an approximate 
solution [e.g., h(x)] exists, it may be advantageous to estimate the difference 
between the approximate and the exact results. The correlation between the 
solutions then serves to reduce the variance. 

b. Stratified Sampling. Stratified sampling is a technique widely used in 
surveys, polls, etc. Samples are no longer picked at random from the whole 
range; instead, the sample space is broken into a number of regions. A 
specific number of samples is then drawn from each region. For example, 
integral (77) is equivalent to 

f j
c—1

C  

f(x)dx =fc. f(x)dx +fcl f(x)dx + . .f(x)dx 
a 	.   

where C0  = a and C = b. 
If we take M1  samples from each region our estimate of I will be 

n C C M1 

I = 	- 	f(e,) 	C_ 	C 	 (77) 
i=1 	PiI 	j=1 
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The variance of this estimate is 

= (C, - C_)202 	
(78) 

- 	 i=1 Mi 
where 

fci-1 

	

(Ci 	f
C

ci

,22  
ori 	 [f(x)] dx -f(x) dx

C, -  C_1  	- C_1  _1 

The estimator in Eq. (77) has a number of variable parameters describing 
the division of the sample space into regions and the number of samples to be 
drawn from each region. By their proper selection the variance a 2  can be 
reduced compared with that of the simple Monte Carlo estimate. 

To achieve this improvement we must: 

Choose the individual regions so that the individual a 1 2  of Eq. (78) 
are as small as possible. This is equivalent to choosing regions in whichf(x) 
fluctuates as little as possible. 

Allocate the number of samples to be drawn from each region. The 
optimum strategy for this can be found by minimizing Eq. (78) subject to the 
limitation Ym.  = M. 

The minimum occurs when 

M, = (C, - C1_1)a, 	
(79) 

M 	
(C1  - C1_1)a, 

M is the total number of samples taken in all regions. The strategy suggested 
thus allocates samples to each region in proportion to the product of its 
range and standard deviation. Where either or both of these are large, the 
error will also tend to be large and correspondingly more samples will be 
needed. To make this optimum allocation would require knowledge of the 
o's, an unlikely situation. These will usually have to be estimated; in the 
absence of better information we might take all a, as equal. Even this very 
rough and ready approximation will lead to a decrease in variance. 

c. Importance Sampling. An alternative procedure in which we replace our 
estimated i1's by similar values for 11 's is known as importance sampling, 
i.e., a strategy in which samples are allocated according to the size of the 
contribution a region makes to the overall result. This method howeveris 
usually applied in a rather more flexible form. 

Using the sample of Eq. (1) again we can see that 

t'b  f

bf(x)h(x)
I f(x) dx = dx (80) 

 h(x) 
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and equivalently the estimates of I are 

(81) 
N 	 N 	h() 

where e, is drawn from a uniform distribution between a and b as usual. 
The other random numbers 71 i however are drawn from the pdf h(x). The 
function h(x) must of course have the properties of a pdf in the range a to b, 
i.e., positive throughout and with 

f h(x) dx = 1 

The new estimator in Eq. (81) will still yield an unbiased result for I, but the 
variance of the two estimates will be different. For the straightforward 
sampling, 

a2 Ja 

	

- jj2 dx 	 (82) 

For the new estimator, 

2  

b 	f(x) 
2 

a = f 
Ja (h(x) —I) h(x)dx 
	 (83). 

The advantages of this estimator lies in the choice of h(x)—our sampling 
pdf. By choosing more samples in the region of the integral that con-
tributes most importantly to I, we can reduce the variance. More formally, 
from Eq. (83) we see that by choosing 

h(x) =f(x)/I 	 (84) 

we obtain a zero variance. Every sample off(x) chosen when multiplied by 
the weighting function h(x) yields exactly the result I. Unfortunately, this 
optimum sampling scheme for I can only be achieved with a knowledge of I, 
and we have a circular situation. However, by good choice of a sampling 
function we can decrease the variance—in principle to zero. Conversely, a 
bad choice of sampling function can increase the variance. The method must 
therefore be applied with discretion. 

d. Antithetic Variates. The antithetic-variates prescription depends upon, 
choosing two or more samples simultaneously with a negative correlation. 
As an example consider Fig. 18. We may choose samples from this function 
with the required negative correlation by taking f(ç) and f(b - € 3. (ç is 
as usual uniformly distributed.) The estimate of I will be 

	

/ = 	[Lk) + f( - €31 
(85) 

N [2 	2 j  
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f(b - c) 

0 	 Ci (b-f1) 	 b 

Fig. 18. Antithetic samplings. 

The variance of this process is reduced compared to that of plain Monte 
Carlo sampling. For example, in Fig. 18 the lower-than-average value of 
f(e 2) is partially compensated by the higher-than-average value f(b - Ei). 
The variance of the estimate in Eq. (85) is correspondingly reduced. 
Obviously this compensation or negative correlation between the two samples 
arises from the monotônic character of the function. 

More formally, the variance of estimate (85) is 	-. 

a2 = ci2(J) + a2(I2) +covar(11 , '2) 	 (86) 

where a2 (11) and 0r2 (12) are the separate variances of the two terms in the 
estimator (85). In this example i(I1) = a(12). 

As would be expected in real problems, especially those involving many 
dimensions, rather complicated sampling schemes are needed to produce 
a negative correlation. 

C. VARIANCE-REDUCTION METHODS IN POLYMER 

CALCULATIONS 

The techniques of variance reduction described are by no means exhaustive 
of the methods that can be used. Each problem will require fresh thought. 
Nevertheless those described are likely to be of wide applicability. 

The polymer problems with which we are primarily concerned here raise 
certain special difficulties. The configuration of a long-chain polymer 
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requires a large number of parameters to define it. The generation of a 
sample is thus expensive in random numbers and computing time. Even 
more serious is the large proportion of the configurations generated that have 
virtually zero probability of occurring because of intermolecular repulsions. 
It is consequently difficult to generate samples falling in a particular region 
of configuration (i.e., sample) space. Indeed, so serious is this limitation at 
long chain lengths that the mere production of a sample is a considerable 
feat. Special methods are therefore required to meet these difficulties. 
These are discussed in more detail in Chapter 5. Analogous problems 
(though possibly less severe) arise in Monte Carlo calculations of the 
equilibrium properties of gases and liquids. In this situation important 
configurations are precious and must be fully exploited. For this purpose a 
rather special sampling scheme is used. Samples are no longer independent. 
Instead,an initial configuration (which may be far from random) is prepared. 
This configuration is perturbed in a convenient fashion, and the new con-
figuration produced is either accepted or rejected with a probability dependent 
upon the Boltzmann factors of both configurations. The successive con-
figurations (A 2 , A k) form a Markov chain with transition probabilities P5k  
depending only upon the states A,, A k . For ergodic systems the probabilities 
P, can be so arranged that configurations appear in the chain with a frequency 
proportional to their Boltzmann factors. Equation of state properties can 
then be calculated by averaging over a long sequence of these configurations. 
The advantage of this method is that the configurations are concentrated in 
the most important region of sample space. Similar methods may be of value 
in polymer calculations. 

Another technique for achieving a measure of importance sampling in 
cases where the generation of a sample in a particular region of space is 
difficult has been used in diffusion problems. In criticality calculations, for 
example, neutrons diffusing near the surface of the material are more likely 
to escape than those in the center. Trajectories near the center thus con-
tribute most importantly, and a method known rather colorfully as "Russian 
roulette and splitting" has been used to sample these trajectories more 
intensively. In this technique the sample region is subdivided. If the 
diffusing particle or random walk finds its way into a division that contributes 
importantly to the final result, it is "split." The single walk or diffusion 
trajectory is branched, and N branches continue the diffusion. Each branch 
is associated with a statistical weight 1/N; these weightsare multiplied at any 
succeeding branch point. Conversely, if the trajectory enters an unimportant 
region, the sampling density may be reduced (and computing time saved) by 
discontinuing the diffusion. To avoid introducing bias, lots are cast so that 
the walk is terminated with a probability P. Walks that survive are then 
awarded a statistical weight 1/(1 - F). 
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VI. Formulation of a Monte Carlo Calculation 

As indicated in the introduction to this chapter, the Monte Carlo method 
is likely to be useful in two distinct situations—the first in which numerical 
results of a specified accuracy are required, possibly for some utilitarian 
purpose; the second, perhaps more fundamental, in providing guidance to 
the theoretician's intuition, e.g., by comparing Monte Carlo results with 
those from approximate theories. In both cases it will be essential to decide 
exactly what information, with what precision, is required for the calculation 
to be of value. It will be important to estimate the labor needed to achieve 
this precision. Almost certainly no accurate value of the variance will be 
available. To some degree the variance may be guessed from experience 
with similar problems or by examining the possible range of values the 
function may assume. In situations where no clear guidance as to the 
probable labor required can be obtained, it may be necessary to proceed to 
the next stage, construction and programming of the model. Often very 
limited Monte Carlo calculations of the variance on a simplified model 
(e.g., short random walks) can be extrapolated to the real system and an 
indication of the likely computing time required reached. 

A. THE MODEL, DEBUGGING, AND INITIAL CALCULATIONS 

The physical content of the model will depend upon the purpose of the 
calculation and may therefore be more or less idealized. Alternatively, we 
may seek to find the minimum model capable of producing results of the 
required accuracy. In either case, the success will depend upon our intuition; 
and a degree of trial-and-error progress may be needed. Itwill be important 
at this stage to decide whether correlated sampling, as described in the pre-
vious section, will be useful. 

Initial calculations with the model should use specific rather than random 
numbers and may be confined to a very small system. In this way the -result - 
for particular cases can be checked against exact calculations, e.g., the 
end-to-end distance for a fully stretched polymer chain. Needless to say, 
this is an important stage: the discovery of an unsuspected bug in the model 
routine after much Monte Carlo calculation is an expensive experience. 

In addition, calculations with specific rather than random numbers can be 
used to explore the sample space systematically and thus obtain guidance as 
to which regions are important and possibly a rough indication of the 
variance. Model testing may be finally completed by using a plain sampling 
method -to estimate the quantities required. Initially this calculation could 
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be restricted to rather small or specialized cases where the computed estimate 
can be compared with the exact result. Thesepreliminary calculations are 
often very informative in providing insight into the problem. 

From this exploratory work improvement in efficiency may be sought in 
three ways: by using faster computing routines, especially in the innermost 
loops; by simplifyingthe model; or by using specially designed sampling 
schemes. The amount of effort expended on this stage will depend upon the 
number of calculations required and the relative cost of computing time 
compared with the cost of additional programming (and its debugging if 
complicated). 

If much production time is likely to be required, it will be necessary to 
consider the computing arrangements carefully In particular, the mean 
time between machine faults should be discovered. If this is at all comparable 
with the computing time, it will be important to provide a means of restarting 
the calculation. For example, during the machine êomputation it might 
be convenient to provide a periodic dump onto magnetic tape or drum of all 
the data required to restart the calculation. These data might consist of all 
the running totals being accumulated plus the current random number. 

For very long calculations involving perhaps the systematic exploration 
of a problem by varying parameters it is often valuable to allow a great 
degree of operator intervention during the running of the program. In this 
way the operator can "drive" the calculation, adjusting parameters, etc., to 
scan the regions of interest and achieve a much greater degree of sophisti-
cation than could be achieved by programmed control. This type of inter-
vention will be especially useful if machine input/output facilities such as 
visual displays, light pens, etc. are available. 

The termination of a calculation when a specified precision in the result has 
been achieved is not easy, as will be seen from Fig. 17. The computed con-
fideice limits are almost always optimistic. In this situation it is good policy 
to select a fraction of the cases for extensive computation. Two or three 
different random-number sequences should be used and the computation 
continued for three or four times longer than apparently required for 
convergence. In the case of time- or sequence-dependent calculations, 
several initial configurations should also be studied to ensure the quasi-
ergodicity of the problem. 

An ill-chosen sampling scheme can introduce seemingly rapid convergence 
initially, followed b occasional wild fluctuations. These fluctuations can 
arise when two or more separate regions of the sample space contribute 
importantly. A common example in molecular terms corresponds to fluid/ 
solid phases. A sampling scheme approximate for the fluid state is likely to be 
wildly inefficient for the solid. Thus even if the solid phase were over-
whelmingly stable, sampling might still be concentrated in the liquid phase 
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with only occasional samples being drawn from the solid. Such samples 
would then produce large fluctuations in the running estimates of partition 
functions, etc. 
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The field of atomic and molecular beam scattering has been rather well served by 
reviewers most recently by Toennies' on its application to chemically reactive 
systems and by Pauly and Toennies 2  on experimental methods The proceedings 
of a summer school held in 1968 have also been published 3  and provide a broad 
view of the field at that time The explanation for this popularity probably lies in 
the conceptual simplicity of scattenng observations coming as they do very close 
to the 'gedenken' experiment for investigating collision phenomena. In principle, 
scattenng methods permit the measurement of the elementary quantum channels 
by which microscopic change occurs For example collisions in which species in 
defined quantum sttes i and] collide with a translational energyE to yield new 
species in states k 1 having a final translational energy E and scattering into a 
region of solid angle atO and tp with respect to the initial relative velocity, t e 

A +B,—'C,+D, 

have a probability expressed in terms of a differential cross section c"j (E 0 q) 
• In scattering experiments -attention is therefore focussed on these channel •' 
cross sections rather than the rate constants of classical chemical kinetics The 
quantum mechanical probleins of the collision are thus separated from the largely 
statistical ones associated with state and transport properties in bulk phase 
experiments. in particular, the disappointingly ubiquitous applicability of the * 
Arrheniu.s relation is avoided, which, yielding only averaged energy and entropy 
values for the collision complex, provided small leverage for theoretical effort. 
There is no doubt that this shift of interest has provoked much new theoretical 
work on intermolecular forces as well as the processes of chemical reaction and 	- -. -- 
energy. transfer. Additional advantages in this approach stem from the fact that--' -  
conservation laws. and microscopic reversibility apply strictly to these cross- 
sections. 	 . • 	 - 

This stimulation has been provided by a rather small quantity of published data 
much of it in some sense incomplete ;  in respect.of energy or angular range and 

J. P. Toennies, Ber. Bunsengesel/schafi Phys. Chem.; 1968, 72, 927. 
2  H. Pauly andJ. P. Toennies, 'Methodsof Experimental Physics', 7A, p.  227, Academic . 	-. 
-Press; Londàn, 1968. 	 . 	. . 
Ch. Schlier, ed., 'Molecular Scattering and Chemical Kinetics', Academic Press, New 
York, 1970. . 	 . 	 • 	 • 	- 	. 	• 	. 	. 	- 
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resolution. Experimentally the technique has enjoyed a long infancy 4' full of 
• excitement but underdeveloped in achievement. 

In the last two or three years the first signs of maturity have appeared and 'a 
more realistic appraisal .of the scientific prospects for this class of experiment is 
now possible. In this review the author hopes to evaluate these prospects on the 

• basis of recent achievements; necessarily this will be a personal view. The 
literature is drawn mainly from the past two years and while reasonably complete 
is not exhaustive (a function more nearly fulfilled by the Oak Ridge Data Centre 
Bibliography 7). 

Work in this area can be conveniently considered in three groups, depending •  
upon whether the collisions involved are elastic in the sense that the incident 
and exit quantum states are unchanged inelastic involving transfer of energy, or 
chemically reactive. Furthermore, in most experiments either' the angular 
dependence [i e the differential cross section a(0)] is measured or else a total 
cross-section, a(E), for the process integrated over all angles is determined. In 
total cross section experIments measurement of a(E) for a range of energies is 
desirable In both types of experiment some degree of averaging or summing 
over quantum channels due to resolution limitations is usual 

1 Elastic Scattermg 

Formally the post and pre collision system wave functions P Pare connected 
by8 	

............................................ 

where 9' the scattering matrix (in general multidimensional and of infinite order) 
contains all the information about the càllision. For systems interacting by an'. 
isotropic force and colliding at energies well below the threshold for excitation to 
any higher state the 9' matrix has diagonal terms only. These then correspond 
to the phase shifts for particles colliding with different orbital angular momenta 
For this situation the theory is well developed quantum effects are important 
and these coupled with the bipolar nature of atomic potentials give rise to 
striking interference oscillations in the scattenng cross sections as a function of 
angle and energy. Measurements of these quantities yield information on the 
intermolecular/atomic forces operating an application reviewed recently by 
Schlier 0  The inversion of this type of cross section data to yield the potential is 
crucial to the usefulness of the technique and until recently has been, one of. its 
least satisfactory aspects. Scattering data yield information on the potential at 
around the same energy as the turning point for the motion; so that mapping the 

L. Dunoyer, Comp:. rend.. 1911, 152, 594. 	 , 	. 	... 
T. H. Bull and P.'B. Moon, Discuss. Faraday Soc., 1954, No.17, p.  54. 

6  E. H. Taylor and S. Datz, J. Chem. Phys., 1955, 23, 1711. 	• 	, 	. . 
Bibliography of Atomic and Molecular Processes,, Oak Ridge National Laboratory, 
Oak Ridge,Tennesseé'U.S.A...-' 	. 	. 
N. F. Molt and H. S. W. Massey, 'Theory. of Atomic Collisions',' Clarendon, Oxford, 
1965. 	• 	. 	 . 

° R. B. Bernstein, Adv. Chem. Phys., 1966, 10, 75. • ' 	 ., . 

	

10  Ch. Schlier, Ann. Rev. Phys. Chem., 1969, 20, 191: 	' 	 • 	• 
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potential over a. wide range of energy requires an equally wide range in the 
reduced experimental variable EU." (Collisons scattering at wide angles pene-
trate more deeply:) This has frequently not been available due to technical limita-
tions and the experimental cross-sections have then been fitted to simple two or 
thre parameter forms (e.g. U, 12 : 6). Since absolute measurements are difficult 
this has normally involved matching only the locations of the interference peaks - 
in the cross-section: As i shown by Luoma' 2  and Olson' 3  such a-procedure is 
unreliable. . Theoretical calculations usually' present potentials .in the form of 
multipole coefficients which are not directly measurable. When.such calculations - 
are compared with data fitted by appropriate r-depëndent terms, similar difficulties 
arise. Recently, much wider ranges of EU have been covered with good resolution, -
and inversion techniques have been developed which yield numerical, values for 
the potential in a pointwise form, or in which a very flexible functional form with 	 - - 
a large number of variable parameters is used to fit the data.'' 6  In either case 
it is the numerical values of the pOtential obtained rather' than any of the para- 
meters which are significant. The comparison with theory must now' be made 	 - - - 
against these numerical p'otentials. For this purpose- much more effort will be 
needed in the calculation of the potential in .the difficult régioh around the - - 
potential minimum' 7 ' 8  where experimental precision is greatest.  
- For precise determination of the potential it is necessary to have relative - - 

differential cross-sections with- resolved rainbow and high-frequency structure 
over as widean angular and energy range as possible. Additional precision can 
be obtained from total cross-section measurements, particularly if several glory 
undulations can be observed in its energy dependence. Data of this character are 
available for the al kal i–ra re-ga s systems Li–Kr- Na–Kr, Na–Ar, -Na–Xe, K–Ar,-
K–Kr and have been analysed by Schliër: 6  -Total'crosssection measurements 
at energies in the 6—I 000 eV region have been used' 9 ' 20  to extend - the energy  
range of the K–Kr potential. Buck And Pauly, using a pointwise inversion 
procedure,' have applied thermal energy -differential cross-section measure-
ments to:yield a numerical Na–Hg potential. 22  These are the systems for which - 
presently we have the, most accurate intermolecular, potentials, though further 
measurements of differential cross-sections at higher energies would be valuable - 	- - 
in extending the potentials to smaller internuclear distances. 	- 

F. T. Smith, R. P. Marchi, and K. G. Dedrick, Phys. Rev., 1960, ISO, 79. 
12 

 

J. R. Luoma, J. Chem. Phys., 1970, 53, 129. 	 . 
13 R. E. Olson, J. Chem. Phys., 1968, 49, 4499.  
".G. Voilmer, Z. Physik, 1969, 226, 423. 
15  W. H. Miller, J. Chem. Phys., 1969, 51, 3631.  

K. Duren, G. P. Raabe, and Ch.-Schlier, Z. Physik, 1968, 214, 410.  
" J. 0. Hirschfelder, Adv. Chem. Phys., 1967, 12, 3. 

H. Margenau and N. R. Kestner, Theory of Intermolecular Forces', Pergamon, - 
Oxford, 1969.  

10  M. Hollstein and H. Pauly, Z. Physik, 1967, 201, 10. 
20  C. J. Malerich and R. J. Cross, J. Chem. Phys., 1970, 52, 386. 	- - - 
21  U. Buck and H. Pauly, Max Planck lnstitut für Strömungsforschung, report 109/1970 

and 110/1970.  
21  U. Buck and H. Pauly, J. Chem. Phys., 1969, 51, 1662.. 	- 	- 	- 



154 	 : 	M. A. D. Fluendy 

Thus, atoms or molecules-interacting by a single central potential with.alkali 
atoms can be investigated using existing techniques to yield very - accurate 
potentials. The need here is for a steady development of these rather laborious 
experimentparticularly in those systems of greatest theoretical interet. There 
seems: little, merit in this field for experiments confined to narrow velocity or 
angular ranges or in which the resolution is insufficient to resolve fine structure... 

Alkali systems interacting by more than one potential are at aless advanced 
state, in that scattering measurements have so far only, been 'fitted to simple 

- potentials. Alkali–alkali interactions have been particularly studied, here the -, 
interaction is by and 3E potentials and spin exchange thay. 'occur on 
collision. 23  Total crosssection measurements by .Rothe and:  Helbing24  at 
thermal- energies interpreted ,by the well-established BOB plot2 5  have yielded-
values for the product s,, (in an U, '8 :6 potentiaft for the E states of Li with 

• ' several other alkali metals. Similar measurements by Neumann and Pauly 26  at 
• collision energies 100 eV for the Na–Cs system have led to similar.values for 
the singlet potential—a nice illustration of the need to match the impact energy 

• 	to the energy range of the potentials sought..  

Differential cross-section measurements have also been made in these systems 27  
most usefullywith magnetic spin selectors and analysers so that the spin exChange' 
cross-sections could also be studied. 283 ' The probability of spin exchange is a. 
sensitive function of the difference between the two potentials and imposes tight 
constraints on ihem. Observations of the rainbow angle also yielded information 
on the triplet potential, 'primarily its well depth. It- i clear'that these measure-. 
ments sensitive to different regions of the potential are not consistent with a 
simple U pO'iential. High-resolution state-selected measurements' would' be 

- ' valuable in permitting a precise inversion to obtain these potentials, which are of 
particular, interest in that both the C 181  and 0" 0  terms in the potential may be 
unusually important. 32 ' 3.3  

Total cross-section measurements for the' interaction of'alkalis with i wide 
- - range of other molecules have been 'made,3&35  notably at thermal.'energies'by. 

- Rothe and Helbing 36 T39  and at super-thermal -energies.. by Pauly. 26  Glory 

23  H. 0. Dickinson and M. R. H. Rudge,,Arornic Molecular Phys., 1970,3,. 1448.' 
• - 24 E.W. Rothe and R. K. B. Helbing, J. Chem. Phys., 1968, 49; 4750. 

25  R. B. Bernstein and T. J. P.O'Brieñ, J. Chenf. Phys., 1967, 46, 1208............. 
26 W. Neumann and H. Pauly, J. Chem.'Phys., 1970, 52, 2548. 
27  L. T. Cowley, M. A. D. Fluendy, and K. P. Lawley, Trans. Faraday Soc., 1969, 65,' 

2027.  
28  D. Beck, U. Henkel, and A. Schultz, Phys. Letters, 1968, 27A, 277: 
29  D. F. Pritchard, G. M. Carter, F. Y. Chu, and D. Kleppner, Phys.'Rev.,.1970; 2, 1922... 
30  D. E. Pritchard and F. Y. Chu, Phys. Rev., 1970, 2, 1932. 
31  D. F. Pritchard, D. C. Burnham, and D. Kleppner, Phys. Rev. Letters, 1967, 19,1363. 
32 W. D. Davison, J. Phys. (B), 1968, 21, 139. 
33 P. R. Fontana, Phys. Rev., 1961, 123, 1865. 	 - 
' F. Richman and L. Wharton, J. Chem. Phys., 1970, 53, 945. 

" S. 0. Colgate and T. C. Imeson, J. Chem. 'Phys., 1970,53, -1270. - 
36  R. K. B. Helbing and F. W. Rothe, J. Chem. Phys., 1968, 48, 3948...... 

R. K. B. Helbmg and E. W. Rothe, J. Chem. Phys., 1969, 50, 3531. - 
38  R. K. B. Helbmg and F. W. Rothe, J. Chem. Phys., 1970, 53, 1555. .. 	 - 

• 	 R. K. B. Helbingând E. W. Roth'e, J. Chem. Phys., 1970, 53,2501: ... - 
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undulations in the total cross-section have been resolved in most of this work so 
that values for .  er,,, or other constraints on the elastic potential are available. 
These data will be of greatest value when combined with other measurements 
e.g. of the rainbow scattering, so that individual potential parameters may be 
determined.  

A feature of particular interest has been the quenching of the glory oscillations 
that occurs, in some systems, a phenomenon first observed .by 'Gislason'- and 
Kwei.40 . This is seen as a decrease in their amplitude as compared to that predicted 
from their reduced mass and potential derived from the peak. locations. Except 
for quenching by chemical reaction 'in systems with very large reactive cross-
sections, the quenching seems closely connected with the anisotropy of the target 
molecule—atom potential-and consequent rotational inelasticity: The process has 
attracted interest as a possible route to such anisotropic potentials. 4 ' 5  " 

Unfortunately, while the -degree of quenching correlates sensibly with. the 	-' 
-anisotropy it seems unlikely to offer much precision. A similar conclusion was 
reached - by Cross 46  in respect of differential cross-sectidns' resulting from 
collisions averaged over all orientations of an anisotropic potential. Such 
anisotropy seems a rather elusive quantity more likely to-be observed in total 
croSs-section measurements- from oriented targets 4748  (J, M selecied) or.in  
rotationally inelastic collisions. 49  

- The most exciting achievement in elastic scattering in the past two years has - 
been the final breaching of the alkali barrier. The:  technical 'limitations have 
restricted almost all work until now to species -containing alkalis which can - 

- readily be detecte&by surface idnisation. The technical factors contributing.to  
this advance will be discussed-later. 'In the elastic scattering field a-number - of 
experiments of this type have been reported by several laboratories. Particularly 
encouraging has been the'rapid progress in theresolution and power of this work, 
the most recent data comparing favourablyin resolution with present alkali work. 

Total. cross-section measurements resolving glory undulations have been 
reported by Baratz and Andres 5 ° for Ar—Ar and by Dondi el a!, 5 ' for 4He-4 He. 
The latter results were particularly interesting since the quantum structure arose 
from the indistinguishability of the particles and corresponded to a backward 
glory, i.e. the effect of direct backward scattering rather than the usual forward 

'glory.  

° E. A. Gislason and G. H. Kwei, J. Chem. Phys., 1967, 46, 2838. 
R. E. Olson and R. B. Bernstein, J. Chem. Phys., 1968,' 49, 162. 	-- 

41 _W. H. Miller, J. Chem. Phys., -1969, 50, 3124. , 
	 - 	 .. 	 - 

P. R. Le Breton and H. L. Kromer, J. Chem. Phys., 1969, 51, 3627. 
R. K. B. Helbing, J. Chem. Phys.. 1970, 53, 1547. 
R. K. B. Helbing, J. Chem. Phys., '1969, 51, 3628.  

46  R. J. Cross, jun., J. Chem. Phys., 1970, 52, 5703.- 
W. H. Miller, J. Chem. Phys., 1969, 50, 3410. 	- 	- 

•° W. H. Miller, J: Chem. Phys., 1969, 50, 3868. - 	 - 
° H. G. Bennewitz, R. Gegenbach, R. Haerten. and G. Muller, Z. Physik, 1969. 226, 279. 
° B. Baratz and R. P. Andres, J. Chem. Phys.,, 1970, 52, 6145. 	- 	- 
' M. G. Dondi, G. Scoles, F. Torello and H. Pauly, J.Chem. Phys, 1970, 51, 392.' 
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Differential cross-section measurements on the same systems 52 ' 53  have been 
• made in which the rainbow angles were resolved. While these data have not been 

analysed in detail they seem to be consistent with the total cross-section work. 
For He—He, agreement with published potentials is only moderate while for 
Ar—Ar agreement with the Dymond—Alder 54  potential is  reported in one case 53  
and the reverse in another. 50  Further analysis and experiments can.be expected 
in these systems and it should soon be possible to compare. potentials obtained-
from bulk properties with accurate scattering data. Other rare-gas systems have 
been investigated by Mueller.55'56 V 

	

• 	Rainbow scattering has also been observed in the Ar—N 2  system by two 
different laboratories. 57 ' 58  Reassuringly, the well depths deduced, for a U 12 : 6' 
'potential agree within the experimental errors.  Potentials have also been obtained. 
describing the short-range interaction of this system using high  velocity argon 

	

• 	beams.59 	•, 	
V 	 V 	

V 

• 	Experiments with higher effective resolution have been reported by Kupper-. 
• 	mann6° for .  the system D2-N2. High-frequency interference oscillations were V 

• observed and yielded estimates for the potential range. 
V 	

V 	 V 

Particularly striking results for Ne—rare-gas systems are described by Lee. 
Accurate potentials have not yet been obtained by inversion, though the data 

	

V 	
V appear to warrant it. Initial fitting to Li forms suggests the superiority of the 	

V 

• U 20 :6 to the 12 :6.61  In the case of Ne—Ne, 62 'strong oscillations around 90° 
are seen due to the interference between atoms scattered at 90° - 9 and 90° + 9 

A further class of experments. involve the elastic scattering of' excited state : 
V 

species (so far only' metastable electronic states). The collisionfree conditions V 

pertaining in a beam experiment are ideally suited to the study of such systems, 

V 
 particularly since in many cases they may be efficiently detéctéd by Auger electron 

ejection 63  Surprisingly, there has been relatively little work in recent years 
Rothe64  'reported a total collision cross-section for He(3 S) with several partners, 
while Grosser and Haberland have studied the differential cross-sections.65 , V 

52  M. Cavallini, G. Gallinoro, L. Meneghetti, G. Scoles, and U. Valbusa, Chem Phys. 
Letters, 1970, 7;303.  

" M. Cavallini, L.'Meneghetti, G. Scoles, and M. Yealland, Phys. Rev. Letters, 1970; 
24, 1469.  

" J. H. Dymond and B. J. Alder, J. Chem. Phys., 1969, 51, 309. 
 

55  J, Penta, C. R. Mueller, W. Williams, R. Olson, and P. ChakEaborti, Phys. Letters, 
1967, 25A, 658. 	 ' 

56 W. Williams, C. R. Mueller, P. McGuire, and B. Smith, Rhys. Rev. Letters, 1969, 22, 
121. 
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60  D. H. Winicur, A. L. Moursund, W. R. Devereaux, L. R. Martin, and A. Kuppermann, 

J. Chem. Phys., 1970, 52, 3299. 
61  J. M. Parson, T. P. Schafer, F. P. Tully, P. E. Siska, Y. C. Wong, andY. T. Lee, J. Chem. 

Phys., 1970, 53, 2123. 	• 	 V  

62  P. E. Siska, J. M. Parson, T. P. Schafer, F. P. Tully, Y. C. Wong, and Y. T. Lee, Phys. 
Rev. Letters, 1970, 25, 271: 
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In summary,, we conclude that, for particles interacting by single potential 
beam scattering,- techniques now have a demonstrated ability to produce accurate 
potentials without recourse to parametrised models. This technique of continuum 
spectroscopy appears to providegreater precision than isavailable from disèrete 
state spectroscopy. Although, for deep potential wells supporting many bound 
states suitable for treatment by RKR methods 66  the reverse may. be- true. The 
direct scattering observation of the analogous quasi bound states as resonances 
will be very difflcult. 679  A major need is for the co-ordinated study of a few 
systems in a number of laboratories, so that total and differential cross-sections 
may be measured overa wide energy range. In this way the rather large experi-
mental effort involved will not .be dissipated in providing incomplete data for a 
widérrange of partners As Herschbach has pointed out, accurate combining 
rules will rapidly extend the number of systems for which potentials are 
available. 70  •' 

For simple atomic systems interacting by relatively few potentials the position 
is also bright (specially if one of.these partners isan alkali). Accurate potential 
data can be expected in the near future. In more complex situations- involving 
large.numbers of potentials associated, for example, with the different rotational 
and vibrational states of molecules (large numbers of which may be populated) 
the situation is more gloomy. Not only :are  experimental difficulties likely to 
limit the resolution of experiments here but the theory required to interpret their 
scattering'and yield a potential is not available. Potentials applicable to averages 
over ranges of states are. the best likely to be obtainable in the next few years It 
will be important to exploit the various distortions of phase space available 
experimentally and any additional information, e.g. from spectroscopic data for 
specific 'interactions, will be particularly valuable. .. 

2 Inelastic Scattermg 

In contrast to elastic collisions where 'interest is centred almost entirely.onthe 
potential as revealed by the scattering pattern, in inelastic scattering the develop-
ment and validation of the approximate theories required is equally important to 
elucidation of the coupling terms in the potential responsible for the inelasticity. 
Indeed, it is likely that until theory is secure in relating inelastic scattering, to 
potentials we shall gam- little information about these terms. These energy 
transfer, processes do not manifest themselves only in scattering exper••ets•of 
course, and a great deal of effort has been applied to their understanding in other 
fields as described by Gordon; Klemperer, and -Steinfeld in a recent review. 7 ' A 
useful introduction to these problems in the scattering context is given by Cross. 72  

66  E. A. Mason and L. Monchick, Adv. Chem. Phys., 1967, 12,339..' 
A. S. Dickinson, Mo!. Phvs., 1969, 18, 441:  

68  A. S. Dickinson, MoI.-Phys.. 1969, IS, 305. - 
69  G. D. Mahan, I. Chem. Phys.. 1970, 52, 258. 
° H. L. Kramer and D. R. Herschbach, J. C/,em. I?hys., 1970, 53, 2792. 

R. G. Gordon, W. Klemperer, and J. I. Steinfeld, Ann. Rev. Phys. Chem., 1968, 19, 
215.  

72  R. J. Cross, jun., in Ref. 3. 	- 	- 
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• 	Although a complete formal solution for inelastic collisions is available in the 
.9°  matrix in which the off-diagonal terms correspond to these transitions, this is 
of limited practical value. The cross-section - for transition between two states or 
indeed for elastic scattering below the threshold energy for excitation -involves - 
contributions from many other states of the system. As a consequence the 
numerical problem presents itself as the solution of a large number of coupled 

• - equations, usually too numerous to be attractive as a computational soluiion. A 
feature of this field is thus the wide rangeof approximate methods in use e.g. Born 
or Distorted Wave variants applicable to weakly inelastic situations; semiclassical - 
or classical approximations for. systems with well-defined trajectories, and 
statistical models appropriate to strong coupling in systems with many levels 

- Unfortunately, the region in which these models are valid is often ill-defined, and 
experimental - data are still too sparse to decide upon their usefulhess. In this 
situation, comparison of approximate models with 'exact' but laboridusnümeical 
computations is useful. 73  

Scattering in atom—diatom systems in which the diatom is regarded as a 
rigid rotor, - has attracted particular attention -in this respect. The formalism of 
Arthurs and Dalgarno 74  has provided the framework - for 'close-coupled'calèula 
tions in which a small number of states are selected for inclusion in a rigorous 

- -numerical computation. When the number of states accessible. during, the 
collision is small this type of calculation can yield effectively exact results -" 
A novel method for solving this type of problem has been desribed by Gordon. 77  
Eu 78  has considered a similar process in the semiclassical approximation where 
due to the resulting simplification many more states can be included The results 
of these 'exact' calculationshave been compared to other mCthöds byBern 
stein,792  Levine, 83  and Kinsey. 84  

The full problem of atom—diatom collisions involving simultaneous vibration 
and-rotation transfer is much more difficult to treat since many more states are 
involved Furthermore since both small (rotational) and large energy, changes 
(vibrational) are involved approximation methods suitable for the first are often 
unsuitable for the second. - To avoid this difficulty, calculations- have frequently 
been 'restricted to collinear collisions in which only vibrational energy can be 
transferred Classical trajectory calculations by Wolfsberg 85  in three dimensions 

R. W. Fenstermaker, C. F. Curtiss, and R. B. Bernstein, J. Chem. Ph.vs., 1969, 51, 2439. 
' A. M. Arthurs and A. Dalgarno, Proc. Phys. Soc., 1960, A25, 540. - 	- - - 

- 	W. A. Lester and R. B. Bernstein, J. Chem. Phys., 1968, 48, 4896.  
76  M; VonSeggern and J. P: Toennies, Z. Physik., 1969, 218, 341. 	- - - 	- - - - 

- 	- 	B. R. Johnson and D. Secrest, J. Chem. Phys., 1968,48, 4682. 	- - 	- - 
- 

77 R.G.Gordon,J.Chem.Phys., 1969,51,14. 	- 	- 	- 	- - 
B. C. Eu, J. -Chem. Phys., 1970, 52, 1882. 
R. D. Levine, B. R. Johnson, and R. H. -  Bernstein, J. Chem. Phys., 1969, 50, 1694. 

80  J. T. Muckerman and R. B. Bernstein; J. C/iem. Phys., 1970, 52, 606. -  - -- 
81  R. D. Levine, B. R. Johnson, J. T. Muckerman, and R. B.- Bernstein, J. Chem. Phys., 

1968, 49, 56. 	 - 	 -- 
W. A. Lester and R. B. Bernstein, J. Chem. Phys., 1970, 53, 11. 	 - 	-. 
R. D. Levine, M. Shapiro, and B. R. Johnson, J. Chem.Phys., 1970, 52, 1755. - 

84  J. L. Kinsey, J. W. Riehi, and J. S. Waugh, I. C/tern. Phys., 1968, 49, 5269. 
J. D. Kelley and M. Wolfsberg, J. C/tern. Phys., 1970, 53, 2967. 	- 	- - - - -• 
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without this restriction have shown the-danger in drawing conclusions from such 
simplified models. 	. 

Inelastic scattering experiments fall into three classes. In the first the change 
in quantum state resulting from collision is followed directly by the use of rota-
tional state selectors and analysers. This type of experiment is in many ways 
comparable to the molecular beam resonance technique except that the transition-
inducing C' field is replaced by the collision process. The second class of experi 
ment measures the velocity change on collision and so infers the internal state 
change. Finally, the more energetic inelastic processes may be monitored directly 
by observing photons, ions, etc. emitted from the collision zone. Broadly speaking,' 
the first technique is appropriate to rotationally inelastic collisions and the second 
to those involving larger energy changes such as vibration. Bernstein 86  has used 	-' 
this technique to study J'= 0---'J = 2 transitions in ortho H 2  induced by 
collisions with K atoms  

In such experiments the beam technique is extended to its full and there seems •, - -' 

no prospect of these methods being applicable to the generality of systems, as in 
the elastic scattering- case. Rather peculiarly, favourable sytems in which 
detectability and ease of selection make the experiment feasible must be sought 
- Experiments of the first type in.which specific IJM> states of TIE were selected. -' - - 

by, electrostatic four-pole fields and inelastic -cross-sections for the transitions 
13, 0> — '12 , 0>, 12, 0> —' Il, 0>, and II, 0> —' 1 2 , 0> measured for a wide'range of 
collision partners have:been carried out by Toennies. 87  Similar experiments in - 
which the ratio of the elastic total cross-sections for scattering of TIE in 11,0> and 
1,1> and of CsF in 12,0> and '12,2>  states have been 'described by'Benne- 

witz.889°  'From measurements of this type over a range of velocities it has been  
possible to determine anisotropy parameters characterising both the long- and  
short-range parts of the potential. Since this appears to be the only system for 
which such anisotropy data are combined with measurements' of inelastic-cross- 	- -. 
sections it should be of considerable theoretical interest. 	 - 

Velocity-change measurements for- collisions of Lj'' with H 2  have been 
'made by Toennies. 91 ' 92 .The flight times for Li' ions scattered direCtly backwards., 
in the centre-of-mass co-ordinate system and thus appearing at 0 0  were measured 
in the laboratory. By using very short pu!ses SOns wide with a careful peak-fit-
ting data analysis it was possible to identify transitions from the ground state to the 
first nine vibrational levels. Collisions in which electronic excitation occurs have 
attracted increased interest recently. This appears to be for several reasons. 
Firstly, such processes may be the precursr to many types of chernicaf reaction 
e.g. harpooning. 93  Secondly, although the wave functiOns and coupling potentials 

86  A. R. Blythe, A. E. Grosser, and R. B. Bernitein, J. Chem. Phys., 1964, 41;' l9l7. ° J. P. Toennies, Z. Physik., 1965, 182, 257. 	 - 
H. G. Bennewitz. R. Haerten. and G. MUller, Z. Physik., 1969, 226, 139. 

89  H. G. Bennewitz, R. Genganbach, R. Haerten, and G. MUller, Z. Physik., 1969, 226, - 
279.  

° H. G. Bennewitz and R. Haerten, Z. Physik., 1969,227, 399 
J. Schot,tlCr and J. P. Toennies, Ber. Bunsengesellschaft Phys. Chem., 1968, 72, 979. 

92  W. D. Held, J. Schottler, and J. P. Toennies, Chem. Phys. Letters, 1970, 4 1  304. 
?I D. R. Herschbach, Adv. Chem. Phys., 1966, 10, 319. 	 . 
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are only poorly.known, the number of states involved is relatively fewso that 
close-coupled calculations become possible. Finally, the larger energies and 
energy changes involved in these processes make the experiments somewhat 
easier. 

Experiments of the velocity change type for H and H 2  + scattering from several 
target gases have been reported by Doering. 94  Electrostatic energy selection and 
analysis was used at collision, energies between I 50-500 eV :  Quite large cross-
sections (.-. 1 A 2 ) were;observed and it was possible to resolve the-vibrational-
fine structure on the electronic transitions. 0, 

Experiments involving photon emission have been reported by :several 
workers. Herschbach95 ' 96  and.Schlier97  have studied the translational excitation 
of potassium to the-4 2P state by collisions in the energy range 1--600 eV with a 
variety of target molecules. The excitation was detected by the rapid fluorescence 
emission from the potassium. The cross-sections were large (-'.. 10 A 2 ) and the 
thresholds for excitation could be correlated with .potential,curve crossings in the 
collision systems In particular, interesting differences in threshold behaviour 
were observed between K-inert gas collisions where crossing occurs high on the 
repulsive wall and systems such as K-0 2  in which the crossing takes place at 
large intermolecular distances.  

Vibrational to electronic conversion has been examined using a-beam teôhriique 
in the system N2-Na 98  a vibrationally hot N 2  beam prepared in a high 
temperature source was crossed with an Na beam and the resonance emission 
from the excited sodium measured The reverse type of process has been des 
cnbed by Martin Here an electronically excited Hg beam prepared by electron 
bombardment collided with a range of target molecules The cross section for 
the process Hg 63P2 - was measured by observing the subsequent fluores 
cenceofthe 'Pi state: The cross-section for CO was larger than that fOr N 2 , vhich 
suggests that chemical interaction is more important than the close matching of 
vibrational state energies ..  
• Collisions - leading to ionisation have been considered:  theoretically •by 
Bandrauk iOO  while Helbingioi  and Los102 103  have both reported experiments 

- with fast alkali beams in which the cross-section for ion production was measured: 
From the enérgydependence of these cross-sections it was possible to estimate the 
electron affinities, fOr-the target molecules,-while by -use of the Landau-Zener 
theory a value for the interaction energy at the pseudo crossing point between the 
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Ch. Schlier, 'C/tern. Phys. Letters, 1970, 6, 101-.  
J. E. Meniall, H. F. Krause, and W. L. Fite, Discuss. Faraday Soc., 1967, No.44, p. 157. - 
L. J. Doemeny, F. iVan Itallie, and R. M. Martin, C/tern. Phys. Lerters,1969, 4, 302. 

°° A. D. Bandrauk, Mo!. Phys., 1969, 17, 523. 	 - 	• - 
R. K. B. Helbing and E. W. Roihe, J. Chem. Phys.; 1969,51, 1007. 
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potentials corresponding to short- or long-range coulombic interactions was 
obtained.. Similar information was reported for the system' K—I by elastic 
scattering measurements below the threshold for excitation. 10  

In general, it seems unlikely that quantum channel cross-sections over wide 
angle and energy ranges will become available in the near future. Many of the - 
experiments described are amongst the most difficult yet undertaken and in 
particular the state and velocity change type remain in the 'heroic age'. Neverthé-
less, the prospects of observing the'many continuum resonance processes occurring 
in these systems, 76  which have formed such an interesting chapter in'electron and 	- 
neutron scaitering, are so intriguing that one feels the requisite technique must 
eventually become available.  

.3 Reactive Scattering . .. 	. 	. 	. 

It is in the study of collisions which lead to chemical reaction that the scattering 
technique has impinged most directly on a major. area of chemistry. The effect 
has been to concentrate interest much more, on the detailed trajectories of the 
particles when reacting; and away from statistical theories. 'This shift has been 
triggered by the, realisation that quite pnmitive observations, particularly of the 
angular distribution of product, can be very informative as to the dynamics. This 
information from experiment has been used to obtain estimates of the potential 
surface involved in the reaction usually by -comparison with Monte Carlo 
trajectory calculations.'° 5 '° 7  ' ' . : .........' - 

Although- quantum theory methods for reactive scattering'", 109 have been 
used (for an introduction see J. Ross in ref. 3).these.results from experiments and 
experimental mathematics have usually been interpreted on the basisof simplified 
models. 110-1 13 

 

The most important model classifications 'are between those involving direct 
processes.and long-lived complexes. In the direct reactive encounter, 'reaction, is 
complete and the products separate before half a revolution of the total system 
i.e. the collision lasts < 10 13  s......  

Extreme cases of the direct process include 'stripping-dynamics' in which the• 
incoming atom or group captures an atom from the target molecule and continues 
its motion with. little interaction with the, remaining target fragment which 
'spectates'. In the 'recoil' encounter the opposite dynamic appears and the 
incoming atom 'recoils backward along its line of approach bearing the captured 
target fragment with it. These two mechanisms reveal themselves by forward or 

104 M. A. D. Fluendy, D. S. Home, K. P. Lawley, and A. W. Morris, Mo!. Phys., 1970, 
19,659. 	 S  

105 DL. Bunker and M. D. Patténgill, J. Chem. Phys., 1970, 53, 3041. 
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107 D. L. Bunker and C. A. Parr, J. Chem. Phys.. 1970, 52. 5700. 
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110 E. E. Nikitin, Ber. Bunsengesellschaft Phys. Chem:, 1968, 72, 94
.
9; . 
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backward peaking in the product angular distribution and in the magnitude of 
thetotal reactive cross-section which is large (- 100 A2) for the stripping dynamics 
and smaller (— 10 A2 ) for the.recoil case. These two mechanisms areexemplified. 
by: I -. 

	

K + ICI 	KI + Cl: stripping'1 4  

and 	 - 

K + Mel —' KI + Me recoil' 

Most of the .exothermiáity of these reactions appears as internal excitation of 
the products.  

• 

	

	 Long-lived complexes, in which the collision system rotates several times before 
deciiying, result in loss of all memory of the initial velocities, without of course 

•., violating angular momentum conservation requirements. Inparticülar, since the 
major contribution to the angular momentum of the complex comes from the 

• 

	

	relative motion of the two reactants, their motion is confined approximately to a 
phase. The random decomposition of the cdmplex; which is uniform in the plane, 

• 

	

	then results in forward and backward peaking along the relative velocity yector. 
LaboratOry distributions are thus bimodal: Typical of this class of reaction 

Cs + RbCl -, CsCI + Rb 

• . 
	The qualitative features of the potential surfaces which, can leadi to these 

extreme dynamics are now fairly well established 
• 	-. Elasticscattering from reactive systems can also provide muchinformationon 

the nature of the reactive. encounter since experihients of this .tpe not Only map 
out the lower reaches of the potential between the reactants but can yield informa 

• tion on the type of collisions which lead to reaction.' 17  Thistyje of information 
is normally described with the aid of a complex optical potential in which the 
imaginary term represents the absorption in the elastic channel due to 

• 	reaction.' 18-122. 	 V  •• 	.. 	

: 	

• 

Recent work. has taken place within this framework and càn be suu,marised 
under the following heads.  

The discovery of a number of reactions with dynamics Vintermedite 
between the extreme cascs-described and the correlations of their dynamics with 
the Velectronic Vstructure of the reactants. 	V 	 • . - 	 - 

The detailed study of some of the typical alkali reactions using energy- and 
V 	state-selection.techniques. 	V 	 V 

The investigation of reactions not involving alkalis. 	. 	

V.. 

G. H. KweiandD. R. Herschbach, J. Chem. Phys., 1969, 51, 1742. 
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E. F. Greene, A. L Moursund, and J. Ross, Adu. Chem. Phys., 1966, 10, 135.. 
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The dynamical models, described represent extremes of behaviour. Not 
surprisingly, these dynamics may be modified by changing the impact energy or 
the chemical species involved. Neutral–neutral scattering is difficult over a wide 
energy range but ion-molecule data can be revealing. For the system 
C2 H4  + C2 H4  -* C3 H 5  transition from complex to stripping dynamics is 
observed as the collision energy varies from 1-5 eV.' 23  How far this type of. 
change is a general phenomenon is not yet clear.' 24  

Alkali reactions with a range of different species have been widely investiga-
ted.' 25"' 2.7  In general, the direction of recoil correlated with the potential' 
crossing radius r, given by ' 

e2/r8 = 'P(M) - EA(,,4fl , 

in accordance with the electron jump model for.these reactions.' 2 ' 29  This type 
of model may also account for the vibrational excitation in the products. A mass-
dependent effect in the dynamics of Li reaction has beeñsuggested.' 30 ' 3 ' - In the 
reaction of alkali atoms with NO 2  and CH 3 NO2  to yield NO and MN02 132  the 
picture, is confused by-the variety of potentials and reaction paths that are open 
and which may provide an alternative explanation for the -cosplex distribution 
of product. Similar complex formation has been inferred by Kirisey' 33  in systems 
such as' K–S02  where the reactive channels are closed at- thermal, collision 
energies. Unchanged reactant scattering back out of the complex was observed 
to have the typical 'long-lived complex' symmetry. It was also concluded that 
considerable transferof translational to vibrational excitation of the SO 2  took 
place in these collisions. Greene, Ross, and co-workers have made an extensive 
study of the direct elastic scattering from reactive systems.' 34  Optical model 
analysis yielded results for the cross-section for reaction as a function of energy - - 
and distance of closest approach in the collision. .Their data suggested that a more 
gradual change to an attractive potential occurred than that provided by an, 
electron jump model.- Experiments on the K–I 2  system,' °4  where elastically 
scattered K was apparently experiencing the coulombic well, suggested that an 
electron' transfer did not invariably lead to reaction. Detailed experiments by 
Bernstein' 35  using a velocity-selected primary beam and energy analysis of the 
scattered product"for the K–HBr and K–DBr systems foundo' for HBr 40% 
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larger than for DBr. In defiance of the simple model, however, HBr also gave 
more product scattering at wide angles. 

Some refinement of the electron jump model thus appears necessary; in 
particular, charge migration in the target during the approach and departure 
phases of the collision (pre- and post-migration' 14)  may have a critical effect on 
the trajectories. Migration seemingly occurs in the interhalogen systems, 
M—ICI, IBr where KCl/KBr is the dominant product. At present the Monte 
Carlo studies diverge, the calculations of Po1anyi' 3638  and Karplus' 39  
'indicating the need for such a process to account for the forward peaking in the 
product distribution, while B1ais 140" 4 ' reached the reverse conclusion. Such 
contradictions are not surprising and are best resolved by additional experi-
mental . constraints, particularly as to the internal excitation of the products. 
Information on this point has been provided recently by Toennies' 42  for the 

system Rb—Br2 , using a quadrupole field to measure the rotational state distribu-
tion in the product RbBr. About 5 kcal mol 1  appeared in rotation leaving 

37 kcal mol t in vibration a result in fair accord with Blais's calculation. 
Experiments with beams of orientated molecules e.g. symmetric tops in selected 

KMJ states have been described in detail by Bernstein' 43  for the system K—Mel. 
The iodine end was approximately four times more reactive than the methyl end 
of the molecule. The results are in rough agreement with a simple hard-sphere 
exclusion model. A recent experiment by Brooks' 44  on the system 

CF3I + K -' CF 3  ± KI 	 . 

yielded surprisingly the reverse conclusion. This may be a.direct demonstration 
of charge migration .with the initial electron capture occurring in the CF 3  group: 

The further refinement of potential surfaces will require more of those detailed 
state-selection experiments. This is particularly true in those systems proceeding 
.by complex dynamics fri which, the angular distributions are (apart from the 
characteristic symmetry) rather uninformative. A wide range of impact energies 
will also be useful, particularly if the dynamics are substantially modified at high 
energies e.g. by complex - stripping transitions. . . . . 

Thus, much still remains to be done in understanding alkali reactions. Although 
the initial electron transfer and downhill approach are qualitatively well estab-
lished, a more quantitative description of this process is needed in terms of the 
potentials and coupling between them, while in the subsequent departure phase' 
of the motion the role of charge migration or of further collisions between the 
atoms is unclear. In this . respect experiments in the reverse direction e.g. 

36 
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MX + R —+XR + M would be revealing, though the production of the intense 
vibrationally very hot MX beam required for reversibility will be difficult. 

As in the elastic scattering field, the past two years have seen the extension in 
several.laboratories of these reactive scattering experiments to non-alkali systems: 
This is of particular signilicance since alkali reactions are not likely to be charac-
teristic of more general chemical processes. 

The non-alkali reactions most intensively investigated so far are the inter-
halogen ones 

Cl + Br'.--  ClBr + Br '. 	 (refs. 145-148) 

Cl + 12 -' Cli ± I 	 (ref. 149) 

Br 41 2  -' Bri + I 	 (ref. 145) 

Cl + lBr -3  CII + BrCl 	.. 	(ref. 14?) 

Surprisingly, the rOduct scattering distribution observed in theSe teactions 
was similar to that found in,the alkali—hàlogeñ reactions. Strong forward peaking 
of the product reminiscent of stripping dynamics is found, though reactions 
involving reactiOn with iodine yield a broader distribution. In contrat with the 
alkali readtions, the cross-sections are only of the order 5-20 M m , uch smaller 
than for the M—X 2  systems. The detailed dynamics are not therefore likely'to be 
too similar. Herschbach' 49 has proposed an osculating complex model resulting 
from strong attractive forces operating at short ranges. The lifetime of the corn-
plei and consequent broadening of the product distribution then correlate with. 
the stability of the, halogen complex formed on collision i.e. the most stable 
complexes have I as the middle atom. .. 

The reaction D 	 H + l'1 2  —+ D + H has also been studied and may be of 
similar type since a rather symmetrical product distribution is Observed.' 50  
In contrast; H or D atom reactions with halogen molecules appear to proceed by 
recoil dynamics.' 5 ' Experiments on the reverse proess F + D2 - Fli + D 
have been described by Lee' 52  in which it was possible, due to kinemajic restric-
tions,'tO observe the angular distribution of product in specific vibrational states :  
In view Of the additional data available from chémilurninescence studies on this 
system' 53154  a'rather preéise picture of the dynamics for this reaction is likely to 

' Y. T. Lee, J. D. McDonald, P. R. Le Breton, and D. R. Herschbach, J. Chem. P/ys., 
1968, 49, 2447. 	, 
D. Beck, F. Engelke, and'H. J. Loesch,Ber. Bunsengesellschaft Phys. Chem.,l968, 72, 
1105.  

147 J. B. Cross and N. C. Blais, J. Chem.Phys., 1969, 50, 4108. 
148 N. C. Blais and J. B. Cross, J. Chem. Phys., 1970, 52, 3580. 
' Y. T. Lee, P. R. Le Breton, J. D. McDonald, and D. R. Herschbach, J. Chem. Phys., 

1969, 51, 455. 
ISO J. Geddes, H. F. Krause, and W. L. Fite, J. Chem. Phys.. 1970, 52,3296. 

J. Grosser and H. Haberland, Chem. Phys.Letters. 1970,7,422. 
152 T. P. Schafer, P. E. Siska, J. M. Parson, F. P. Tully, Y. C. Wong, andy. T. Lee, J. Chem. 

'Phys., 1970, 53, 3385.. 	 . 
' 	J. C. Polanyi and D. C. Tardy, J. Chem. Phys., 1970, 51, 5717. 
154 J. C. Polanyi eral.. J. Chem. Phys., 1970, 53, 4091. 

Cli. Ottinger and R. N. Zare, Chem. Phys. Letters, 1970,5, 243. 
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emerge soon. In many ways the kinetic spectroscOpic: techniques are comple-
mentary to beam methods. They provide more highly detailed rate data for re-
action to specific levels than is possible in beam experiments, but yield less or no 
information on the incident collision conditions or on scattering angles The 

-: combination of the two techniques asdescribed recently by Zare in studying Ba 
and Ca reactions with NO 2  is therefore likely to be a powerfultool) 55  ...... 

Finally, as if to emphasise the growing fusion of molecular dynamics and 
chemical kinetics, the classic reaction investigated by Bo.denstein, HI +'HI 
—'H 2  + 12 has been studied using beam methods.' 56  Impact energies-in the 
range 40-2 15 kcal mol 1  were achieved using an aerodynamically accelerated 
HI beam. Unfortunately no reaction was-observed, setting an upper limit of 
o 04 A2  on the reactive cross section It seems that vibrational excitation is 
required to activate this reaction The experiment is nevertheless significant in 

• being, apparently, the first neutral beam study of reactions requiring an appre-
ciable activation energy, while the need for an intense beam source for vibra-, 
tionally excited species emerges as perhaps the next bOttle-neck in the techriique. 

It is concluded that the scattering approach to the study of chemical reaction 
has already yielded important information on these processes that could be 
obtained in no other way. The extension of this work to cover a more typical 
range of chemical reactions is successfully under way. The reviewer looks forward 
particularly to studies with short lived translationally or internally hot species 
which will permit wholly novel processes to be examined Initially this may be by 
way of single-beam gas target experiments rather than of the more powerful but 
difficult cross beam type 

4 Techmque 

The power and range of beam methods are at present limited by technique rather 
than more fundamental causes A recent review 2  has covered this field in detail 
The most important recent developments have been those leading to the final 
breach in the alkali barrier. A number of machines for this purpose have been 
described i  The general prescription combines a high efficiency mass 
spectrometer detector in a UHV environment with one or two intense nozzle 
beam sources each with several stages of differential pumping A typical machine 
may thus have 9 or 10 separately pumpedchambers. Detection systems commonly 
use ion counting into several phase-locked sca lers.i60 . 

Other developments include a free-radical source based on thermal pyrolysis6 . 
and a detector preferentially sensitive to vibrationally excited alkali halide 

156 S. B. Jaffe and J. B. Anderson,J. C/tern. P/iys., 1969, 51, 1057. 
R. W. Bickes and R. B. Bernstein, Rev. Sd. Insir., l97041, 759. 
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1969, 40, 1402.. 	 •. 	 . 

' 	G.E. Busch, J. F. Cornelius, R. T. MahOney, R. 1. Morse, D. W. Schiosser, and K. R. 
Wilson, Rev. Sci. Iñsrr., 1970, 41, 1066. 	 •- 	- 

160 L. T. Cowley, M. A. D. Fluendy, D. S. Home and K. P. Lawley, J. Sci.!nstr., 1970, 
41,666.  

161 F. Kalos and A. E. Grosser, Rev. Sci. Instr., 1969,40, 804. 	- 
161 K. T.-Gillen and R. B. Bernstein, Chern. Phys. Letters, 1970, 5, 275..... - 
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molecules.' 62  Sputtering sources have been developed to yield atomic beams in 
the awkward 1-40eV range.' 63  Bernstein' 4  has produced beams of TIFin 
selected vibration—rotation states using an electric resonance method, while 
Brooks has used a hexapole field to focus asymmefric top molecules.' 65  Time of 
flight techniques for velocity analysis have been discussed by Knuth.' 66  Zare has 
reported an optical pumping method for producing polarised gas targets.' 67  
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THE ANGULAR SCATTERING OF SUPERTHERMAL KBY 12 
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The small angle scattering of 100 eV potassium atoms from a thermal cross beam of iodine molecules has been : 
measured. There is considerable structure, which is interpreted as coming from the Coulomb potential. Some contri-
bution from the upper diabatic state is also probably needed and there is evidence of attenuation of the elastic 
scattering beyond °0.9 ° . 

1.. Introduction 

Chemical reaction in the systemK + 12 has been 
thoroughly studied at thermal energies by crossed 
beam techniques [1, 21 and from the magnitude of 
the reaction cross section is deduced to proceed by a 
'harpooning' mechanism. The elastic scattering at 
relative velocities below 10 5  cm sec — '. shows some 
high frequency structure [3] thought to be due to the 
Coulomb potential, but the situation is complicated 
by the dominant.reactive process: At energies 100 eV, 
the reactive cross section is a much smaller fraction of 
the total cross section and elastic scattering can be 
used to probe more of the potential energy surface. 
This system has also been studied from the aspect of 
ion production by Los'[4, 5,7] and his.co-workers 
in the energy range 1-40 eV. 

2. Experimental 

A 100 eV K atom beam was generated in a standard 
manner by surface ionisation through a porous tungsten 
plug, followed by acceleration and neutralisationby 
resonant charge transfer. Detection was on a warm 
Pt/W ribbon followed by an ion counting system 
similar to that described previously [3] . The nominal 
angular resolution was 0.02 0  and time of flight 
analysis of the main beam yielded a value for the 
velocity resolution IV/V0.2%. 
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Fig. 1. Observed scatteringof 100 EV K atoms from 12 J(8)8' 
is plotted against laboratory angle 0. Data is the meanof:five 

	

scans. 	- 	-, 

The results are shown in fig. 1. There is a pro-
nounced peak at 0.07 0  (LAB) and regular structure 
beyond (periodicity s0.l2 °  (LAB) though of low 
amplitude. The scattered intensity on a 07131(0) plot 
diminishes with angle beyond s0.9 ° . 

3. Interpretation 

There are two electronic states of the system K + 12 
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a) 

Iab 

Fig. 2. Apparatus averaged scattering in the laboratory system 
computed for the adiabatic potential described. Collision 

energy 100 eV. 

(see e.g., [3]) that are likely to operate, the familiar 
adiabatic (ionic) and diabatic (covalent) 1 states with 
an avoided curve crossing at rc 	5.5 A. The scattering 
including the effect of averaging over the apparatus 
dimensions, calculated for the lower, adiabatic, 
potential is shown in fig. 2. The arrows indicate the 
location of the observed undulations. Although the 
envelope differs from that observed there'is a striking 
agreement in the periodicity and positions of the peaks. 
In the computed 1(0) these undulations are the super -
numaries of a rainbow appearing at 2 0  (LAB). This 
.agreement is all the more striking because the ionic po-
tential used has effectively no adjustable parameters. 
Apart from a narrow switching region 0.4 A wide at 
the avoided crossing point, the adiabatic potential used 
was compounded from the Varshni—Shukla potential 
[6] for r <rc  and a longer range inverse six power attrac-
tive potential for r > rc . 

This latter term had little or 
no effect on the calculated scattering pattern. In other 
words the observed peak locations are given very well 
by a model which treated the K'/Iy pair as point 
charges with masses appropriate to K and 12  but with 

the equilibrium separation of KI. Several refinements. 
are obvious but will not markedly alter the well depth 
and range of the ionic potential. We deduce from the 
agreement with experiment that we are observing 
some elastic scattering from the ionic potential and 
hence that electron transfer or harpooning is still. 
occurring at 100 eV at least on some trajectories. 

The upper 1 1 state predicts relatively featureless 
scattering with a single maximum at somewhat < 0.1 0  
which contains the rainbow and the forward diffractior 
peak. The well depth and other key parameters of this 
state are not well characterised but e is probably 

5 X 10-14 ergs and so the rainbow will occur at 
0.1 0  at this energy, with the structureless dark side 

covering the region in which we observe structure in 

It is hard to tell from a comparison of the observed 
scattering and that computed from the adiabatic -, 
potential whether we have an excess of scattering.at  

or a diminution in scattering at angles greater 
than this angle. In the former case, some contribution 
from the upper, diabatic state would be necessary to 
enhance the very small angle scattering. Almost certain] 
there is attenuation of the elastic scattering at angles 

>0.9° , and measurements over a wide angular range 
will settle this point. 

The relative importance of the two electronic states 
in determining the elastic scattering and ion productior 
depends, in the Landau—Zener approximation on 

Ill 2(rc ) and the relative velocity. Although becoming 
increasingly inaccurate at higher energies, the Landau-
Zener formula has been used exclusively in the inter -
pretation of the ion production experiments [4] and 
[5] . Using Baede and Los's value [5] for H1 2(rc)  of 
3.6 X 10-2 eV in the Landau—Zener formula predicts 
that on trajectories having their turning points in the 
region of steepest descent of the Coulomb potential, 
i.e., those contributing to the rainbow structure, the 
probability of adiabatic behaviour at the crossing is 

0.7-0.8. In this type of situation it is not, of course 
correct to take the appropriate linear combination of 

Uadiabatic(0) and Udiabatic(0) but the close coupled 
2-state problem must be solved and this is in progress. 
An alternative explanation of the apparently mixed 
scattering behaviour might come from assuming that 

H12(r) is strongly dependent on the orientation of 
the iodine molecule. The observed scattering would 
then be a weighted superposition of largely adiabatic 
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patterns. 
The presumably analogous systems K + C1 2  and 

K + Br 2  have been investigated by Schlier and Co. 

workers [8] in the energy range 0.5-12 eV and rather 
similar behaviour was observed. Their interpretation 
differs however from that proposed here. 

4. Conclusions 

• At 100 eV some elastic scattering in the K/I 2  
system take place from the lower, adiabatic state and 
rainbow supernumaries from this potential have been 
observed. There is also evidence of extra scattering 
below 0.2

0  and a fall off in intensity about 0.9 0 , 

the latter probably due to the opening up of non-
'elastic channels: Current values of H12(rc.)  do permit 
mixed adiabatic/diabatic behaviour at 100 eV but the 
precise way in which these states are to be combined 
must 'await a solution of the close coupled problem. 
Ultimately, a unified explanation of both the ion 

production (total and differential) cross sections 
[4, 5, 71 , and the elastic scattering must be found. 
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The Angular Scattering of Superthermal Potasslwn by Hg and 12 

B.S.Duchart, M.A.D.Fluendy and K.P.Lawley 

Dept. of Chemistry, University of Edinburgh, Edinburgh, 

Scotland. 

The differential cross sections for scattering 100 eV K 

atoms from thermal cross beams of Hg and 12 have been measured at 

small angles. 	Expuriments on these systems, both well exIored at, 
thermal energies" 2  are of interest in extçnding potential energy 

functions derived from thermal scattering Into reions of positive 

otential energy (I • e • the repulsive branch). Furthermore, at 

these energies new inelastic channels open up gnd, in the case of 

I/I2 thequest.jon of adiabatic versus non-adiabatic electronic 

behaviour arises. 

The fast K beam was prepared by surface .ionisation through 

a porous tungsten plug followed by acceleration of th ion beam 

and resonant charge transfer. 	Detection was on a 'warm' tungsten 

ribbon followed by an ion counting system similar to that described 

previously3 . The ungular resolution in these experiments was 

0.020
; time of flight analysis of the beam velocity yielded nv/v 

0.2g. 

The results for the K/Hg system are showi in fig 1, where the 
arror bars are two standard deviations in length. The dashed line 

is an apparatus averaged calculation based upon the potential 

derived from thermal energy measurements' and matched to the 

observed scattering at 0.50. 	The peak at 0.07 0
in the caculated 

curve contains the rainbow and other oscillatory structure which, 

under the resolution of the experiment is In broad agreement with 

the observed scattering, but cannot yield new Information in this 

region. 	At angles greater than 0•30 the scattering falls of f 

more slowly than predicted from the thermal 8:6 potential, suggesting 
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a harder repulsive wall. Inelastic processes are unlikely to be 

important at these small at*gles since the potential energy at the 

turning point of trajectories leading to scattering through PV 1 

is onlyvV0.3 eV.. 

Results for K/I 2  scattering are shown in fig. 2. In 

contrast to K/Hg scattering, these show a broad maximum at - 0.7 0 ,  

superimposed upon which is some oscillatory structure of higher 

frequency. A large number of inelastic channels are open in this 

system, though classical trajectory claculations indicate that at 

these energies reaction and energy transfer processes do not 

contribute much to the K scattering at small angles. The dcininant 

process in this region may therefore be either scattering from the 

adiabatic (Coulcmnb) or diabatic potentials 	In the former case 

the deep well will produce a rainbow in the 0.8-1.5 region while 

the diabatjc case will lead to a very small er as in K/Hg. The 

scattering expected from potentials of these general types is also 

shown in flg.2 (—,diabatic,-..- adiabatic). Thesepreliminary 

results suest that the observed scattering arises from both 

potentials. This explanation is supported by the recently estimated 
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matrix element4governlng the separation of the ionic- and covalent 

potentials at the crossing point,ç, wtih if incorporated in the 

L.aMau-Zener formula predicts only partial electron transfer at these 

energies, depending on the impact parameter s  

Figure 2.. 

4.) 
-4 

4.) 
-4 

'-4 

-- ,• -. 

v.a. 

degrees (LAB) 

collisions with, impact parameters nuch less than r  then scatter 

predominantly from the diabatic potential wtiile those with larger 

impact parameters scatteradiabaticaUy. The loss of intensity at 

angles greater than 10 might then be due to the onset of diabatic 

behaviour, though inelastic processes cannot be excluded. 
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Elastic differential scattering of 

metastable mercury 6 3P2  from K and Hg 

F.C. DARWALL. M.A.D. l"LUENDY and K.P. LAWLEY, 

	

Department of' Chemistry. University of Edinburgh, 	
0 

0 	 Edinburgh, EH9 3JJ, Scotland. 0 

A report is made on the preliminary results of the differential 
elastic projection of electronically excited Jig. K and Hg. An 
intersecting beams technique is used, in which the inetastable 
flow is produced by a bombardement of electrons. In the KH g* 

system, at least two potentials are required to irlierpret the 
observations. With a K/Hg potential, primary and secondary 
halos are seen, which sugesls the evaluatio,ls of 
E= 2.8x i0' 4  ergs and 0= 4.9 A. and with another pute?ltial 
KIIg*. the L.J.„aramerprs /2:6 receive mole tentatively tile 
values e -1 x ergs and 0= 6 A. In the IIg*  Hg sr'ste,n, the 
ilalo does not appear, but the supernumerary structure suggests a 
rather deep Irougil with' the approximate value of 
C 5 x 14.  ergs. 

0 

On rapporte les résuhtats préhiminaires de Ia projection élastique 
différentieile de Hg électroniquement excite, de K el Hg. line 
technique de Jaisceaux entree roisCs est employee, dans laquehle 
le flux metastable est produit par un bombarde,ne,lt d'électrons. 
Doris le système KHg*, il faut au moms deux potentials pour 
interpreter les observations. Avec l'un potential K/Hg, on you 
des iris primaires et secondaires. ce qui suggére des evaluations de 
€= 2.8x 10" 4 ergs et 0= 4.9A. et avec un autre potential 
KHg*, les paromnètres L.J.- 12:6 recoivent plus teniativement les 
valeurs € 1 x IO” ergs et 0= 6 A. Doris he système Hg*  Jig, 
l'iris ,le S9 mnontre pas. mais Ia structure surnunlCroire suggère un 
creux unpeu plus profond avec La valeur approximalive de 
€ 5x jg'14  ergs.  

I 	INTRODUCTION 	0 	 0 	 I 6  I has examined their differential scattering with low 

Encr' transfer and chemical reaction processes 

in flames, shock waves, electrical discharges and photo-

chemistry are all 0 situations in which electronically 

excited atomic and molecular species are of importance. 

The understanding of these processes must be based 

upon te intermolecular potentials by which these 

excited species interact with ground state atoms and 

molecules. 11-2 1 Such potentials can in a principle be 

most accurately obtained from beam scattering expe-

riments. 3 I a technique which is perhaps peculiarly 

suitable for stud'ing short lived species. Total cross 

section mcasurcmdnts have been made for He metasta-

bles by Muscltliiz 14 I and by Rothe 15 while Grosser 

anoiikr re1- llltirsn 	It i, .,.,..4,--------- ....,_ 
uipiisiiug triat more 

work has not been reported in this area in view of its 

0 importance in chemical problems. The reasons for this 

can probably be found in the fact that most metastable 

atomic -species will not be in S states so that their inter-

action with other atoms will depend upon their orienta-

•tion (M1 ) and may thus not be describable by a single 

effective potential. 0 0 0 

In this work experiments have been made with 

inetastablc Hg atoms since their chemistry is well develo-

ped with the object of discovering the importance of 
these individual potentials and then studying their 

quenching behaviour by an optical model analysis. I 7] 
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2 EXPERIMENTAL 

These experiments were performed in a modulated 

cross beam apparatus using gated dual channcl scalers 

with paper tape output for data colldction. All the beam 

surces are of' the thermal effusion type. For this work 

the apparatus previously described 18 I was modified by 

the introduction of a nctastablc atom source and 

detector. - 

The metastable beam was formed by crossing a 

ground state mercury atom beam with a flux of elec-

trons of controlled encrgy This device is 'siñiilar to that 

described by Martin, 9 1 except for the use of a stindard 

oxide cathode in the present work and is shown schema-

tically in figure I. About lin 10 5  of the Hg atoms in the 

SOld PUMP 

_ _ 

	

H OVEN 	 EXCITER 	 X BEAM 	
DETECTOR 

OVEN
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face. A graph.of the observed couting in the main beam 

direction (normalised by the exciter current) versus 

electron energy is shown in figure 2. 

U 
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Fig. 2 Excitation Junction observed on K and W surfaces in the 
detector for Hg. 
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Fig. 1 Apparatus schematic showing electron gun for meta -
stable excitation and Auger detector. 

beam could be excited corresponding to a metastable 

flus of 10I010H  atoms steradian -1  sec'. Af.ter 

collimation the metastable beam collided with a modu-

lated cross beam of the target material (K or Hg in this 

work). The scattered atoms then entered a U.H.V. 

chamber (ca 10 9 .torr) via a narrow channel. Here they 

struck a, clean potassium surface plated from a beam. 

Electrons ejected from this surface were focussed into a 

Mullard channel multiplier and counted in the usual 

way. The maximum counting rate obseredwas ca iO 

counts sec, while the background count rate for the 

detector alone (valved off from the main chamber) was 

0.1 count sec more typically when measurements 

were in progress the background was 2-3 counts sec. 

Once prepared this surface was stab!e in performance 

over several days of use. 

The known states [10 J of Hg with lifetimes 

sufficiently long to traverse the apparatus (Ca 

5 xl0 secs) - are the 3P0, 3p,  and 3 D3 located 4., 

5.43 and 9.05 cV above the ground level. Any of these 

states could therefore eject an electron from the K sur- 

Two maxima are observed at 9.5 eV and 15.5eV 

on the potassium surface, the appearance potential for 

the fIrst was. ca  5.9 eV while experiments on aWsurface 

yielded only the second maxima with an appearance 

potential of ca 10eV. 

The differential sensitivity of the K and W surfaces 

for the D state is not known so that it is impossible to 

estimate the importance of cascade transitions in pro-
ducing 3 P at these higher energies. Such cascades were 

presumably responsible for the second maxima observed 

by Lichten. The maxima in the excitation function 

observed at 9.7 eV was in good agreement with measure-

ments by Martin [II J using a. different, surface ionisa-

tion, technique to detect the metastable flux. In contrast 

calculations of the electron excitation cross sections for 

the direct' 'production of the 3P0 12 'states by 

McConnell and Moiseiwitsch 112 1 yield a peak in this 

function at ca 6.5 W. Although no allowance for 

contact 'potentials has been made this difference seems 

signifIcant and may reflect the inadequacy of coulomb 

wave functions in the case of the 6P state of Hg.' 

In the scattering experiments, the electron energy 

was maintained ai 10.0eV so that only 3P states could 

contribute. At this energy calculations 11 2.1 predict the 

cross sections for production of 3 P., to be some five 

times larger than that for 3 P0 . Since the P2 would also 

be more efficiently detected by the 'K surface, the obser., 

ved scattering in tentatively attributed solely to this 

state. Confirmation is currently being sought by magne-

tic analysis of the beam.  
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3 RESULTS AND DISCUSSION 

The first results of these experiments are shown in 
figures 3 and 5. In the system K/Hg*  the dark and bright 
sides of a rainbow located at ca 6 0  LAB (ca 26 °  CM) 

METASTABLE HG 3? POTASSIUM SCAVERING 
Vochty - 540.om/a Numbeo of scaft - 5.0 
FOund data 	 - 

	

fliflfl.fl 	 10 

Fig. 3 K/Hg*  scattering observed in LAB system. 

are distinguishable together with a secondary bow at 
ca 30 . This pattern in terms of peak positions corres-
ponds approximately to an L.J. 12:6 potential with 
a= 4.9 A°  and €= 2:8 x lO ergs. Figure 4 shows a 
calculation for such potential. The amplitude of the 

POTASSIUM METASTABLE MERCURY SCA'ITERING L.J. POT 
Vocity 64560.0 bo WdI 1.0 

unlikely'in view of the energy defects involved and the 
large tran;fer of energy to translation that must conse--
quently occur in 'such inelastic collisions. 

The coupling scheniefor the. molecule KH g * is not 
knowii but asymptotically a range of potentials must 
occurs corresponding to the different M. states of the 
3P2 Hg. Due to the largc spin orbit coupling it is not 
possible to describe' all the states in terms of single 
valence bond structures but some can be' expected to 
show substantial differences. 

- 	The innermost peak may therefore arise from the 
operation of a second potential with a shallower well 
(Ca 1 x 1014  ergs) which would yield a rainbow at•this 
angle. If this potential is constrained to the same c 6  
(15 x 10-58  ergs cms 6 ) as obtained for the other poten-
tial then a must be Ca 6A. in comparison with the - 
ground state interaction these potentials are much 
shallower and of longer range. Interestingly the Slater 

Kirkwood estimates for c(6 ) are in much closer 
agreement here than for the ground state potential 
where present experiments and theory differ by a factor 
of 5 121. '. 

In the Hg/Hg* system a number of potentials are 
again operating and in principle tile possibility of inter. 
ference effects arising from the exchange of the excita-

tion also exists. However, symmetry oscillations due to 
identical particle collisions are not likely to he too 
important due to the wide range of isotopes present. 

The measurements, figure 5, show quite clearly the 
dependence expected for a long range r 6  potential 

METASTABLE HG 3? GRND STATE HG SCATTER - 
Velocfty. 282 am/i Number of Scant • 4.0 
Filtand data 	- 

Fig. 4 Scattering calculated/or K/Hg*  with an L.J. 12.6 potez-
rio! 0= 4.9 A . €= 2.8 x  10 ' ergs. 

innerriost' peak is clearly 'very badly reproduced and 
although accuracy is not high in- this region due to the 
proximity of the main beam the discrepancy is signifl-
cant. It has not been possible to find a potential with the 
usual r 6  long range form producing this ratio of 
amplitude in the peaks. Although all inelastic channels 
up to the free electron continuum are open it seems - 
unlikely that inelastic processes can- be responsible for 
attenuating the rainbow peak. This would ,  require 
quenching cross sections of the order 7TO 2 0 R  where 

is the impact parameter leading to scattering at the 
rainbow angle, i.e. in this case to quenching cros 
sections ca 100 A. A cross section of this magnitude is 

Fig. 5 Hg/JIg * scattering observed in LA B system. 

form. Considerable structure is also visible though the 
measurements do not apparently extend as far as the 
rainbow. The lower limit of 48° CM thus established for 

this phenomena implies c= 3 x 10.14  ergs. For compa-

rison in figure 6 'a calculation for an L.J. 12.6 with-

€ = 3 x 10 u= 4.3 A is shown': quantitative fitting is 
not worthwhile in the absence of a rainbow but 

nevertheless -  an interpretation of the structure in terms 

of a single potential with uca 4.5-5.0 A, eca 5 x 
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Fig. 6 Scattering calculated for Hg/Hg*  with an L.J. 12.6 po 
tentiala= 4.3A°,€= 3x10-14 ergs. 

• ergs seems possible. Unfortunately such a potential yields 
- c(6) ca 107  ergs, four or five times larger than Slater 

Kirkwood estimates, although this difference is no worse 
than that currently existing between theory and experi-
ment for the ground state alkali/mercury interaction. It 
is thus possible that this anomaly, implying considerable 
departure from the Li. form in the outer part of the 

) potential bowl is associated with the S state of Hg and 
that Hg/Hg* collisions can be reasonably described by a 
single effective potential. 

0 
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Space focusing of molecules with. 

a negative slope Stark interaction 

D.C. LAINE and R.C. SWEETING 

Physics Department, University of Keele, 
Staffordshire, STS 5BG, U.K. 

Methods of space focusing of molecules that decrease in energy 
in an applied electric field are described. Experimental results are 
presented for coaxial, single-wire, Maltese-cross and crossed-wire 
electrode geometries. Of these methods, the crossed-wire focuser 
appears to possess superior focusing properties in practice. 
Applications of this type of molecular optical system are briefly 
discussed. 

1 INTRODUCTION 

Space focusing of ,molecules that increase in 
energy in an applied electric field is readily achieved by 
the use of multipole focusers of the type used in beam 
masers and other molecular beam systems. However, 
space focusing of molecules that decrease in energy in an 
applied electric field is more, difficult, but is possible in 
principle using the following methods (i) coaxial, (ii) 
single-wire ;  (ni) Maltese-cross (iv) crossed-wire and (v) 
alternate-gradient focusing. Results for method (v) have 

Les mdthodes de focalisation spatiale de molecules qui décrois-
sent en énergie dans un champ électrique se sontici decrites. Les 
résultats expérimentaux sont présenrés pour les géométries 
d 'electrodes en forme de coaxial, de fl/-simple, de croix-de-Malte 
et fils-croises.  De ces mérhodes Ic focalisateur en forme de fils-
croisds apparait posséder des proprieres focalisantes prarique-
ment supdrieures. L 'application de Ce type de système d'oprique 
moléculaire sont discurées hrièvement. 

been reported in some detail by Kakati and Lain [1] - 
and by Gunther and Schugerl [2]. Alternate-gradient 
focusing represents a special case, since molecules whose 
Stark energy either increases or decreases (positive or 
negative slope Stark interaction, respectively), may be 
simultaneously focused under favourable circumstances. 
A combination of alternate-gradient with a conventional 
multipole focuser can in principle, however, be used to 
selectively focus molecules whose Stark energy decreases 
in an applied field [3]. 
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Po1?sti31 eeig surfaces and collision processes 

Ni. A.. D. 	D\ 	1. P.  

Department of Chemistry, University of Edinburgh, Edinburgh, Scotland 

1. Introduction 
The forces exerted among a group of atoms are traditionally divided into 

two classes, those operating between màlecules (intermolecular) and those 
arising intramolecularly and responsible for bonding. In this article we stress 
the essential unity of such forces, their common origin in quantum theory and 
their representation as the gradients of a multidimensional potential surface. 
From this foundationwe trace the influence of these surfaces upon the proper-
ties of isolated molecules and of systems containing large numbers of inter -
acting species. Such a programme embraces most of chemistry and a sizeable 
fraction of physics. This discussion will be confined to relatively simple 
systems where some degree of quantitative understanding is possible and will 
be strongly biased towards their time dependent behaviour. 

The connection between potential surfaces and bulk behaviour is made in 
two stages. In Section 3 the interaction between pairs of atoms or small 
molecules is discussed in terms of collision cross sections for various processes. 
The Boltzmann equation, which relates these cross sections for pair inter-
actions to the bulk behaviour of a large system, forms the core of Section 4. 
With these two steps it is possible to relate properties such as viscosity and 
thermal conductivity to the potential surface. Solid state properties are, of 
course, also governed by a many body potential surface but the cross section 
càncept is less useful here and this phase is not discussed. 

Many potential surfaces have a minimum and are capable of supporting 
bound states. This region of the potential is the domain of spectroscopy. If 
other atoms or molecules are introduced the contours of the surface are 
altered and can be explored through the pressure broadening of spectral lines 
or, if attention is shifted to the perturbing species, by scattering methods. 

The use of such scattering methods is described in Section 5 which is 
especially concerned with the interaction of three particle systems and extends 
the more elementary results of previous sections to the problem of chemical 
reaction. This has been a particularly active area in the last decade and 
computer simulation of the reaction process using classical mechanics has 
been a valuable tool. Experimentally the new techniques of molecular beam 
scattering and the study of light emission from chemical reactions, 'chemi-
luminescence', have yielded much new information. 

L 



26 	i 	 M. A. D. FLUENDY AND K. P. LAWLEY 

To say that any phenomenon is governed by a single intermolecular or 
atomic potential that does not contain the positions of all the electrons 
explicitly is an approximation since the possible coupling of the electronic and 
molecular motion has been discarded. Potentials of this type for adiabatic 
or 'relaxed' electronic motion are perfectly satisfactory for interpreting most 
vibrational spectra and collision processes occurring at thermal energies. 
However, in some phenomena such as electronic energy transfer or chemi-
ionization this approximation fails. Such cases are then usually described by 
a family of potentials corresponding to the possible quantum states of the 
collision system and the non-adiabaticity introduced by allowing transitions 
from one potential surface to another. Systems of this type are discussed in 
Section 6. 

2. The origin and mathematical description of the forces 
between atoms 

An. energy surface is a multidimensional plot of the electronic energy of a 
group of atoms such that all geometrical configurations are covered: -We-can 
use quantum mechaniàs in scveral ways• in describing these surfaces. Firstly, 
we, could attempt a complete calculation of the whole surface starting with 
the properties of the isolated atoms. Failing this, we can hope for guidance 
as to the mathematical form or parametrization of the potential energy and a 
classification of the various electronic states of the whole system. Finally, 
wave mechanics will help us pick out particular atomic arrangements that 
are unusually stable. 

Calculating the electronic energy of a group of atoms in a sequence of 
arbitrary configurations is not an easy problem in wave mechanics. To obtain 
the various electronic properties of stable molecules, one starts with the 
nuclei fixed in their equilibrium positions and finds the electronic eigenenergy 
and eigenfunctkns. In contrast, to map the potential energy function of even 
a three atom system—which may not give rise to a stable triatomic molecule-
a grid of nuclear configurations must be covered over which the electronic 
energy is found, thus increasing the length of the calculation many times. For 
instance, if it is reckoned that ten points are sufficient to define a diatomic 
potential energy curve up to 1 eV, then somewhat in excess of 10 points will 
be needed to define a 3-atom potential function up to the same energy with 
the same precision. 

Bond energies are normally calculated by a variational method, in which 
small changes in the electron distribution are made until a minimum in the 
electronic energy is found. This is a time consuming process and in calculating 
the potential energy function of aggregates of atoms the emphasis has been 
on semi-empirical methods. The crudest of these and one much used in the 
early days of transition state theory, is simply to assume that the energy of 
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a group of natoms is the sum of the energies of the n!1{2!(n - 2)!) possible 
diatomics that can be picked out. However—and this is the root of the 

•  problem—interatomic potentials are not additive in this way and the method 
in general predicts potential minima on the surface that are far too deep 
and correspond to spuriously stable polyatomic molecules. 

The.systems of three hydrogen atoms and of two hydrogen atoms-and a 
•  proton occupy a unique place in the absolute theory of reaction rates and the 

former especially forms a test case for all theories of bimolecular reactions 
(H + H2  -+ H 2  + H). Even here, however, the most commonly used three 
atom potential is a semi-empirical one based upon the division of the three 
atom configuration into the three possible atom pairs, (1,2), (2,3) and (1,3). 

As for the general interaction of three or more atoms other than hydrogen 
the full machinery of quantum chemistry has yet to be employed. The present 

•  position in this important field is that purely empirical surfaces are constructed 
from experimental observations of the details of chemical reaction, molecular 

• 	spectra and collisions. 
• 	The problem of calculating intermolecular forces simplifies considerably 

if the atomic configuration is such that various molecules with essentially 
non-overlapping electron distributions can be picked out Perturbation 

• methods can then be used to calculate the dispersion forces between these-
molecules and the moments of charge can be usefully defined (dipole, quadru-
pole etc.) together with their interaction energy. Dispersion forces arise from 

• the fact that any instantaneous electron-nucleus configuration has a dipole 
moment. For two atoms there will be a pair of dipoles and consequently an 
energy of interaction between them which is a function of the co-ordinates of 
all the electrons. Upon weighting this interaction energy by the probability 
of the corresponding configuration of electrons in the isolated atoms and 
integrating over all electron co-ordinates—as we must to arrive at an observ-
able property—we find that this contribution vanishes! However, their mutual 
interaction perturbs the electron distributions and upon averaging the 
instantaneous dipole-dipole energy over this perturbed electron distribution, 

• •  a non-vanishing result is found. This may be viewed as a correlation of the 
electron motion in the two atoms and the limiting form of the potential for 
two S-state atoms or spherically polarisable molecules is: 

V(r) 	- C°/r° - C(8)/r8 	• 	(1) 

Where the r and r 8  terms correspond to, second order dipole/dipole and 
dipole/quadrupole interactions respectively. 

The calculation of the coefficient C 6  is reliable to a few percent if the 
electronic spectrum of the atom is dominated by a single very intense line, 
for then the mutual perturbation of the two atoms that results in the 
dispersion force effectively causes the mixing of only one excited electronic 
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Fio. I A typical bipolar potential, shown in (i) as an equi-potential contour diagram (one 
-quadrant only) and in (ii) as a plot of V(r), which is also a radial section through the surface 
represented in W. Superimposed on (i) is a typical trajectory r(t). The major forces operating 
over different portions of the internuclear separations are also indicated. - 

Clearly, a potential of the form (2) or (3) even if adequate for atomic 
collisions, omits some essential features of molecular interactions. Firstly, the - 
potential will in general be angle dependent and there are sound reas6ns 

!.//.._. 

V(r, 0) = _C ° r 6{1 + (e) cos2  0} + Ct12 r'2{1 + ( 12) cos2  0) (5) 
where y(1>  is an anisotropy parameter. For a heteronuclear pair symmetry 
arguments would require the-inclusion of a term in cos 0 or some higher odd 
power. 
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FIG. 2 A polar plot of an angle dependent potential. Compare Fig. 1(i). 

A potential of the type (5) can be plotted on a polar diagram, Fig. 2. How-
ever, the equations of motion of the combined system are now much more 
difficult to solve because the angular motion of the interparticle vector r is 
coupled to the rotation of the molecule through the angle dependent terms in 
the potential. Both quantum mechanically and classically the possibility of 
rotational energy transfer exists. This will occur very, readily even with light 
diatomics as can be seen from the rapid equilibration of the rotational energy 
with the translational energy in gases at thermal energies. It has, however, 
proved rather difficult to devise experiments to measure y and y(12)  directly. 

• From a spectroscopic point of view the relevant phenomenon is the pressure 
broadening of rotational lines, but the analysis of the data in terms of 
potential anisotropy coefficients—except in cases where the long range part of 
the potential broadening is dominated by very long range dipole quadrupole 

• effects (falling off as r)—has not been achieved Perhaps the root of the 
trouble can be seenrom quantum (or classical) calculations of rotational 
transition probabilities for single collisions. It is found that while the 
anisotropy in the attractive part of the potential exerts a couple on the molecule 
in one direction, the anisotropy in the repulsive branch (at least in the form (5)) 
exerts a couple in the opposite sense and in any collision leading to appreciable 
rotational interaction these effects partially cancel each other. Since collisions 
cannot be examined before completion, there is no direct way of assigning 

• 

	

	the resultant energy transfer between the two terms in the potential. Clearly, 
what is needed is an effect due to grazing collisions so that only the longest 
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rangepartpotentialismpled and a special scattering experiment is indicated. 
A few such experiments have been performed but only on highly polar 
molecules and the method is not yet a general one. Another technique of some 
promise in the field of anisotropic potential measurement is the relaxation of 
nuclear spin polarization. Here, collision induced J or m, transitions in a 
gas are transmitted to the nuclear alignment previously induced by a magnetic 
field and hence result in spin depolarization. So far, the method has only 
been applied quantitatively to H 21  where such collisions (mainly those 
changing mj) are the result of long range quadrupole.quadrupole forces in 
which the coupling potential varies as the inverse fifth power of the molecular 
separation and does notprobe very deeply into the potential. As far as bulk 
properties are concerned, some angle averaged value of the coefficient of the 
inverse sixth part of the pàtential is measured and the effect of y and C 
cannot be separated. 

We now tackle the problem of writing down a general intermolecular 
potential between an atom and a diatomic molecule. Equation (5) is clearly 
not sufficient in that it does not contain the separation of the two atoms 
comprising the diatomic. As far as the long range part of the potential is 
concerned this is of no consequence because although it might be argued 
that the polarisability of a molecule and hence the value of 06  depends upon 
the interatomic distance, the potential given by (5) really refers to a particular 
vibrational state of the molecule. Gentle collisions cannot cause vibrational 
transitions and the quantum number dependence is suppressed. However, 
for harder collisions the possibility of vibrational energy transfer or even 
bond rupture exists and the A—B co-ordinate must be explicitly included in 
any expression for the potential. The minimum numberof variables that must 
now appear in the potential V(r AB , rc, TBC) is three because, of the nine 
co-ordinates needed to specify the positions of the three atoms with respect 
to some fixed origin, three can be regarded as fixing the position of the centre 
of gravity and three as fixing the orientation of the triangle formed by ABC 

• in space; to all of which the potential is invariant. The forces involved will 
now be of the long range attractive and short range repulsive types discussed 
together with 'chemical' forces, i.e. those depending on the interaction of 

• 	electrons with antiparallel spins. 
If we wish to represent a function of three variables, e.g. V(r AB , FAC, TBC) or 

the electron density of a molecule, P(x, y, z) we can plot its value on some 
chosen plane in the co-ordinate space which, in turn, imposes a rélationship 

• between the three variables thus reducing them to only two independent ones. 
The most common choice is to plot the potential of a linear configuration 
(imposing the restriction TAC = (mc + rAB). When this is done, three types 
of surface might be encountered, Fig. 3. All three are based upon the common 
feature that both AB and BC are stable molecules and the surfaces are thus 
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Fio. 3 Three typical 3-body potential surfaces. On the left the potential energy along the 
minimum potential is plotted. In (i) a potential barrier is encountered. The surfaces 

path of 	
' 

that give rise to monotonically falling (or rising) potential (ii) are of two kinds, illustrated 
on the right. (I) is of the early downhill kind and in (H) the exoergicity is released later in the 

collision. 
In surface (iii), a potential well is enclosed by two potential barriers. The trajectories of the 
two normal stretching modes, 1 (asymmetric) and 2 (symmetric) are shown, together with 

• 	 that of a collision (3) leading to dissociation. 

- --------- 	 •- -- 	 - 
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characterized by an entrance and an exit valley in which rAB or TBC becomes 
large. In passing from one of these valleys to the other, by the route of lowest 
potential, the first type of surface is characterized by a potential maximum 
(in fact a saddle point) somewhere along the path, the second type by a 
monotonically rising or falling potential along the path and the third by a 
potential minimum. 

• 	 The third type of surface, exhibiting a potential minimum, is capable àf 
supporting a stable triatomic molecule, which would be linear in the example 
illustrated. In principle, the vibrational levels of this molecule can be investi-
gated by infra-red spectroscopy and in rig. 3(iii) the part of the surface 
traversed during execution of two normal modes of vibrationis sketched. 

•  We can display the course of a collision by plotting on the same surface the 
trajectory of the point rAB(t), rnc(t). Much more of the surface is explored 
on this path than by bound state spectroscopy. 

The calculation of trajectories under the influence of these more compli-
cated potentials must be by numerical integration (Section 4). For the linear 
configuration, the essential results can be visualized by the simple device of 
skewing the axes. 

It is of considerable interest to know whether a given group of atoms can 
form a stable complex, i.e. if their lowest potential surface is of the type 
shown in Fig. 3(m). Theory, based on simple molecular orbital arguments, 
gives some guidance for triatomic groups. The number of valence electrons 
in bonding, anti-bonding and non-bonding orbitals is counted and the 
balance determines whether the group will exhibit a potential minimum. 
Furthermore, the shape, whether bent or linear, can also be deduced from an 
inspection of the correlation diagrams connecting the linear molecular 
orbitals to those of the 900 configuration. These are familiar in spectroscopy 
as Walsh's rules and there is every reason to expect them to hold for 
metastable species as well. 

3. Potential surfaces and collision cross sections 
Collisions are fundamental to chemistry. Thus, chemical and thermal 

equilibrium are maintained by collision, while the rates of chemical change, 
mass and energy transfer are all controlled by the frequency and detailed 
dynamics of molecular collisions. In their turn these are a function of the 
potential surfaces over which the molecules interact. To understand these 
phenomena it is necessary to break the problem into two. In the first part the 
pairwise behaviour of two particles is described as a probability or cross 
section for some specific process. A statisticaitheory is then used to extrap-
olate these bimolecular properties to systems containing very many particles 
It is with the first stage of this programme that we are concerned in this section. 

Collisions can be divided into -two types. 
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Fio. 4 Trajectories followed by particles with a reduced mass j.i and.velocity v moving in a 
Lennard Jones 12:6 potential (centre of mass, CM. co-ordinates). Collisions with large 
impact parameters, b1 , interact primarily with the attractive branch of the potential and result 
in negative deflection angles -. Collisions with small impact parameters, b,, are dominated 
by the repulsive part of the potential and exit with a positive deflection angle. A classically 
bound orbit is also shown; at higher collision energies this infinite deflection collision is 
replaced by one with the maximum negative deflection scattering at the. rainbow angle. 

spend the maximum time in close proximity and indeed, at the lowest positive 
energies, to atoms entering classically stable bound orbits about one another. 

On the molecular scale it is not possible to select collisions with specific 
impact parameters, though other collisions properties such as the velocity 
may be more or less closely defined. Observation of the results of collision 
must therefore, invariably be the result of averaging over many collisions in 
which the impact parameters are distributed randomly over a plane perpendic-
ular to the impact velocity, Fig. 6. As a further consequence it is no longer 
possible to distinguish positive and negative deflections, all trajectories ulti-
matley exiting between 0 an4  ir (CM angles). Thus scattering at b, b and b3 , 

in Fig. 5, will all contribute at the same angle. This fact will have important 
results when we construct a quantum mechankal theory. 

The angular intensity from the random flux of atoms as pictured in Fig. 6, 
is defined in terms of a dfferenzial cross section, o(.X): 

Flux of atoms scattered into solid angle element dco 
at angle x (atom sec 1) 

- 	- 	 (6). 
Incident flux (atoms sec 'metres 2)  
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Phase shift 

—/ ----------- OZ5,  

6L 
Impact parameter - 

Fzo. 5 The variation of phase shift and deflection angle with impact parameter is shown 
for several reduced energies (nE). Collisions with impact parameters at b1 , b, and b a  all 
produce deflections through the same polar angle, lxi. The phase shifts experienced by these 
collisions are all different so that the trajectories will mutually interfere. 

Thus c() has the dimensions of area; analogous laboratory differential cross 
sections can be obtained by a suitable transformation. The number of atoms 
entering the collision zone through the shaded ring b to b + db if a uniform 
flux of Iatom sec-1  metre-2  falls on the plane containing the ring is: 

dn =I27rbdb (7) 

A similar number must exit through the shaded area on the sphere at the 
right which subtends a solid angle dco. Since the potential is independent of 
angle the scattering is also independent of the azimuthal angle. Thus the 
solid angle element dw is 27i-. sin x dX and combining these results: 

b 
cj(X)= 
	

(8) 
sin x  idx/dbl 

A classical calculation of d/db from the impact velocity and interatomic 
potential will produce a result for a() valid in the classical limit. 
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Ftc. 6 Particles incident in the ring between b and b + db exit through the shaded strip 
between an angle x and  z + d. The target molecule is at 0 and the scattered flux is mapped 
over a large sphere radius R centred at 0. 

Other types of cross section are also useful for example in the inelastic 
process: 

A + B1  — Ak + B 	 (9) 

in which the quantum states of the atoms are changed we can define 	v) 
as the probability ofa collision at velocity v between the species A and B1 
resulting in A,. and B being scattered into unit solid angle at X. More impor-
tantly we can define a total cross section representing the total probability 
for a process irrespective of the final scattering angle as: 

0'total = 27T5c1(X) Sjfl X dX 

where the sin x factor allows for the increase in solid angle as x — 

At this point disaster strikes! In classical mechanics any force no matter how 
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small will produce a finite deflection so that for any unbounded potential we 
reach the unhappy conclusion that total crosss sections must always be 
infinite. This feature is resolved in a quantum mechanical theory which is also 

• 	 more elegant in providing a unified view of both bound and unbounded 
• 	 motion, as well as accounting for experimentally observd interference effects. 

Once again the centre of mass and relative motions can be separated. The 
total wave function 'F being the product of the wave function U describing 

• 	 the relative motion and C the function for the motion of the centre of mass. 
• 	 As before, the relative motion, U(r, 0, #) contains all the chemistry. In 

the usual fashion the functionS U(r, 0, #) is related to the Hamiltonian 
operator ..*' by the eigen-value equation: 

fU=EU 	 (11) 

or, writing this relation in full and with the Hamiltonian in polar co-ordinates: 

h2 

 

	

[r2
1 at 2 aui 	1 • at. 	au'i 	1 	d2 Ul 

-J + r2 sin 00t 1flO  aOJ+ 2i292J - V(r)U = EU 
 ao 

(12) 

where V(r) is the potential operating between the atoms. This relation exactly 
parallels that for the H atom which after all concerns the motion of two 

• 	•• 	 particles, a proton and an electron, in a spherically symmetric potential. Its 
solution correspondingly follows a similar course. 

	

• 	 Since V(r) depends only on r it is possible to separate the radial and 
angular parts of (12) by writing: 

	

• 	 U(r, 0, ) = R(r)Y(0, ) 	 (13) 

The angular solutions are the spherical harmonics Yjm(° ,  ) with I and m as 
quantum numbers, and are the functions producing the usual hydrogen like 
orbital shapes. The energy due to rotation is, Erot = h 21(l + 1)/82I ;  for the 
equivalent centre of mass sytem of interest here the moment of inertia, I,. is 
pb2  and: • 

I = 27uvb/h 	• 	 (14) 

where! is the angular momentum quantum number irrespective of whether the 
motion is bounded (E < V(co)) or not for the angular momentum is 
quantized in both regimes. 

	

The radial wave equation is: 

 (81ry  

(r 
	

) + 	
(E - V(r)) - 1(1 1)) R = 0 	(15) 
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It is usual to combine this potential and the repulsive centrifugal contribution, 
the 1(1 + 1)/r2  term, together. The radial motion then takes place in an 
effectivepotential 

W(r) = V(r) + h21(1 + 1)121r2, where h = 

shown in Fig. 7, different for each I value and for which, in the general case, 
solutions can only be obtained by numerical integration. Two types of 
solution are found corresponding tc. E < V(o) bounded motion and E> 
V(o) unbounded motion and are illustrated for a particular effective potential 
(1 value) in the same figure. In the first case the spectrum of solutions is discrete 
with only specific eigen energies being permitted; these are solutions corre- 

• 	sponding to a stable vibrating and rotating diatomic molecule. When the 
• 	total energy of the system becomes positive there is no longer a restriction on 

the energies and a continuum of solutions corresponding to unbounded 

M(r) 

'I 
0) 

00) 10  

FiG. 7 Spectrum of continuum and bound state solutions for a particle moving through 
a potential well with a specific angular momentum, I = 50. The total manifold of solutions 
will be the sum over all such pictures, one for every I value; elements in such a spectrum are 
shown on the left. The phase shift m of the continuum solution relative to a free particle is 
also shown. 

4 



40 	 M. A. D. FLUENDY AND K. P. LAWLEY 

motion arise. A 'hangover' effect may be seen, however, the centrifugal 
potential can result in atoms being 'trapped' in close proximity to one another 
for quite long periods. These quasi-stable states are known as resonances and 
depending on their lifetime may have quite well defined energies iE. Some of 
the various possibilities are illustrated in Fig. 7. 

The importance of these discrete states via statistical mechanics in 
determining thermodynamic properties is well known, while the combination 
of these same solutions and information about their coupling with electro-
magnetic radiation in the form of selection rules leads to a whole wealth of 
spectroscopic data. All this, however, is another story; here we are primarily 
concerned with continuum solutions which represent unbounded motion. 

In these systems our interest lies not in the immediate region of the collision 
but in the ultimate change produced. At times long before the collision the 
system will behave as independent free particles and for a specific energy 

•  and angular momentum the wave function for their relative motion valid at 
t .-+ — cowill be of the form sin (1ivr/h - IIT/2). Since there are no terms in 

•  . the potential that can change the final translational velocity or angular 
momentum the collision is elastic. The only possible change in the wave-
function at I -+ + oo is.a phase shift, ,j, so that the wave function now be-
comes sin (4uvr/h - li'r/2 Such phase shifts are illustrated in Fig. 7. An 
atom entering the potential is first accelerated and then decelerated so that the 
de Brogue wave is correspondingly compressed and expanded relative to that 
of the freely moving atom. This phase shift is the only result of the encounter 
and is a measure of the strength of the potential. 

Just as in the classical theory it was impossible to prepare collisions with a 
specified impact parameter it is not possible to observe the results of a 
collision made with a specified relative angular momentum. Classically we 
considered the results due to a uniform flux of particle distributed with 

• impact parameters between 0 and oo in terms of a probability function, the 
differential cross section °(x). A similar prescription is suitable in the 
quantum theory. The uniform flux of particles is now represented by a plane 
wave, e" moving along the z axis. After collision the scattered material 
moves outwards in a spherical wave, f(0)e"°/r with a I /r2  fall off in 
intensity and a modulation in angular distribution given byf(0). As would 
be expected from the connection between the classical impact parameter and 
the angular momentum quantum number 1, (14), it is possible to construct 
the initial incident plane wave from a suitably weighted sum of individual 
partial waves each with a different / value. 

After scattering each partial wave in the incident• flux differs only in its 
phase shift. Physically the interesting part of the post scattered wave is its 
angular dependence f(0) since If(0)1 2  = o(0), the differential cross section 
expressing the relative probability of scattering into unit solid angle at 0. This 
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term can be extracted from the scattered wave and in terms of the phase 
shifted partial waves is found to be: 

a(0) = 11(0)1 2  = —f--j (21 + 1)P1(cos 0)(e2'4i - 1) 
2 	

(16) 2i1uvio 

where (21 + 1)P 1(cos 0) is the angular part of the /th wave and P(cos 0) is a 
Legendre function of order 1 and argument (cos 0) and is closely related to 
Y,,(0, #). The total cross section then follows by integration over 0 as: 

atotal= 	(21+ 1)sin 2  
/L 	 (17) - 	 Vi-O 

Cross sections calculated using these quantum relations show a great wealth 
of structure both in their angle and velocity dependence which is not found 
in the classical results. The origin of these effects, which can be confirmed 
experimentally, are seen on Fig. 6 where both phase shifts (b) and deflection 
angles (b) for b = lh/1w are plotted. Scattering occurring at angles where 
several branches of the deflection function may contribute have different 
phases. consequently the scattered wave contribution from each b region will 
interfere to produce rapid oscillations in their angular dependence with a 
period of approximately 27T/(/2 11). A typical example of such interference 
can be seen in Fig. 8 where experimental results are compared with a quantum 
calculation. These observations were made using a crossed molecular beam 
technique. Two well collimated beams of molecules- are formed in a high 
vacuum tank where the mean free path is very long and are made to intersect 
at right angles. Collisions between molecules in the beam occur in the inter-
section region and as a result are scattered out of the beam. The angular 
distribution of these scattered atoms is then measured by rotating a detector, 

• • 	possibly a mass spectrometer, about the collision zone so that the laboratory 
• 	differential cross section is obtained. In more precise measurements one or 

more of the beams would be velocity selected by rotating chopper discs and 
in some cases a degree of quantum state selection might also be employed. 
The most interesting feature in this example, the oscillation of widest angle 
occurring here at 22°, is known as arainbow. It has its origin in the extrema 
in the deflection angle, (b), versus impact parameter plot where (d/db) = 0. 
Here trajectories with a range of impact parameters are focused into a narrow 

• angular region about the rainbow. The low frequency oscillations in the cross 
section arise from interference between trajectories lying on either side of this 
bowl in the deflection angle plot and are known as superiiumary bows. The 
high frequency oscillations are similarly due to interference between these 
trajectories and those with small impact parameters scattering from the 
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C 

b 

50 	 1 0 	 150 	 200 	 25° 	 300 

Rainbow 
8caflering 

Fio. 8 Differential scattering cross section as calculated and measured for the system 
Na/Hg at a collision velocity of 1475 ms' (Reproduced from Hundhausen and Pauly. Zeit. 
f. Physik. 187, 305 (1965)). A rainbow is seen at 22 °  with supernumerary bows at smaller 
angles. 

repulsive part of the potential. Experimental observations of these inter-
ference structures and their variation with impact energy can provide detailed 
information about the potential, though this information is limited to the 
regions of potential sample by the trajectories, which is always less than or 
equal to the energy of the impacts. More importantly, cross sections of this 
type are the input to the theories describing the bulk properties of matter. 

4. Relation of cross sections to bulk properties 

The first steps in making the connection between the potentials operating 
at a molecular scale and the observed properties of large aggregates of matter 
were made in the previous section. There the differential cross section 
emerged as the natural description of results of binary particle interactions. 
This quantity is the interface between collision theories and the statistical 
treatments of an ensemble which will yield results for bulk properties such as 
viscosity, pressure or chemical reaction rate. Asin the previous section the 
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discussion is largely limited to bimolecular systems in which only elastic 
collisions are important. The extension to include inelastic processes is 

• 	straightforward, though tedious, and introduces no new concepts. 
Total understanding of a bulk sample of matter would require momentum 

and position co-ordinates for all the particles in the system. Fortunately, in 
practice a much reduced scale of information provides an adequate descrip-
tion. This information is usually presented in the forms of a distribution 
function, f(r, p, t), the probability of finding a molecule between r and r + dr 
with momentum p to p + dp relative to another molecule at time t to i + dr. 

• These functions, thefr measurement and, relation to bulk properties are 
discussed in detail by J. S. Rowlinson (Ref. 3); suffice it to say here that the 
bulk behaviour of a system can be calculated in a straightforward way from 

• fir, p, t). The distribution functions required for this calculation can be 
observed experimentally in favourable cases by X-ray or neutron diffraction 
methods. The ultimateaim, however, must be to relate them to the potential 
surface between the molecules, the molecular density and the energy. Such a 
relation with at least approximate validity in the gas phase can be obtained 
in the following rather intuitive manner. 
• The number ofmolecules in an element of phase space (i.e. a hyperspace 
having position and momenta as dimensions) isf(r, p, 1) dr dp. If no collisions 
occur the same number of molecules must arrive in a similar volume at 
r + p/rn di, p ± X di,: + di where rn isthe mass and X is any net external 

• 	 force acting on the molecules. Thus:. 

f(r + p/rn di, p + X dt, I + di) dr dp =f(r, p, t) dr dp 	(18) 

If we now allow collisions to occur a certain number of molecules 	dr dp 
di will suffer collision removing them from the final volume element. Sim-
ilarly a number (+) dr dp di wil •l now arrive in the final volume from regi6ns 
outside the original starting volume and the relation becomes: 

f(r + p/rn, p + X di, t + di) dr dp = f(r, p, 1) dr dp 

+ (P - r-') dr dp di (19) 

Expanding the L.H.S. in a Taylor series, rearranging and retaining linear 
terms only yields: 

af  +A  (P.  ay ) + (x.) = 	- r- 	(20) at m 	an 	ap 
Since linear terms only are retained, this expression is not valid in systems 
where large gradients occur as in shock fronts. The quantities r(+,  r -  are 
known as collision integrals. Collisions which contribute to r -  i.e. remove 
molecules from the region r, p must occur with other molecules present in 
the same region of space at time t but which have a different momentum, p'. 
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The number of such collisions which scatter molecules out of the volume' 
element dr dp in time di is given by (number density at .r, p) 2  x volume: 
dr dp x velocity x total cross section; integrating the differential cross 
section over 0 to give the total cross section and using the distribution. 
functions for the number density we obtain: 

r- dr dp di = ffff(r. p, ()f(r, p'. t)cr(0, ,v)v sin 0 do dO dp' dr dp di 

 

ci(0, , v) is the differential cross section for scattering into solid angle. at 0, 
qS for collisions with velocity v = I( - p')/mI. 

A number of assumptions are inherent in this expression. Firstly that only 
two body collisions are important and secondly that the probability of a 
molecule having a momentum p' is unaffected by the presence of another 
molecule with momentum p at a distance r i.e. that the momenta are not 
correlated. These relations will consequently only be satisfactory at low den-
sities. 

The collision integral 1'(+)  results from collisions between molecules in the 
• . region r but with momenta p0  and p such that after collision they yield one 

molecule with the desired momentum p. These collisions are the inverse of 
those contributing to r i.e. by running time backwards we convert a 
collision contributing to r(-) into one contributing to rm. By microscopic 
reversibility arguments we can then show that: 

1' dr dp di =$fff(r. Po,  t)f(r,  p, t) or(0, 0 , v)v sin 0 d#  dO dp dr dp0  di 

 

where p0  and p can be calculated from p, p' and c(0, q, v). Combining these 
results for the collision integrals with the expression (20) yields the Boltzmann 
equation: 

af -'-(p.r) + (X ;-
L) =fffuo —ff')i(O, ç6,v)v sin OdOddp'

ap  
 

(wheref0  = fir, p0 , t) etc). 
All the potential surface information is contained in or(0, 0 , v) and in the 

relation betweenf and f. Solution of integro-differential equations of this 
type is not easy and must usually be approximate. Nevertheless expressions for 
transport properties such as viscosity can be derived from (23). 

A fairly recent development has been the use of computer simulation 
calculations in which the trajectories of large numbers of molecules inter-
acting by some potential are followed by numerical integration of the equations 
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of motion. A complete history of the system can therefore be built up in the 
computer memory and averages corresponding to observable properties 
calculated directly. This technique is not limited in the same way by the 
approximation of small gradients and low densities as the Boltzmann Equation 
and if sufficient computer time is invested the precision is limited largely by 
the accuracy of the potential surfaces used. 

In some cases the rates of change in a system are slow in comparison to 
the collision rate and the system does not deviate much from thermal equilib.. 

• 	 rium. As an example, many chemical reactions have a very small cross section 
• 	 and proceed at a rate slow with respect to the processes maintaining the 

yibrational, rotational and translational distributions. These distributions 
then remain close to the equilibrium Boltzmann predictions. In this very 
common situation the chemical rate constant k(T) at temperature T can be 
related to °R'  the velocity dependent total reaction cross section by: 

k(T) = f0co
I(v , flvaR(v) dv 	 (24) 

where I(v, T) is the usual Maxwellian distribution. As the reaction cross section 
increases the vibrational and then rotational distributions will progressively 
deviate from their equilibrium values. 

5. Potential surfaces leading to chemical reaction 

In.a previous section we were able to arrive at a complete theory for the 
interaction and collision dynamics of two structureless particles and show 
how at modest gas densities such information could be translated into an 
understanding of bulk prOperties. While all this was perhaps intellectually 
satisfying a chemistry limited to such systems would be extremely sparse. The 
extension of these results to the full diversity of real systems is extremely 
difficult though some progress has been made. This deficiency in theoretical 
understanding is to some extent masked by a parallel lack of detailed experi-
mental information. In the reaction • - 

Impact energy 

K + 1 2(v, J) 	KI(v', J) + I + AE 	(25) 

complete information would be contained in the family of energy dependent 
cross sections oRr.(E, 0, ) specifying the probability of reaction at collision 
energy E between specific quantum states to yield other specified states 
emerging at 0, , there being such a cross section for each specific quantum 
channel. 

Information in this detail is not yet available for any system, though the 
above reaction is perhaps the closest approach at present to this ideal. Of 
course, this reaction is not the only possible outcome open to collisions between. 
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K and I. If for example, the collision energy is high enough, electronic 
excitation of one or 'more of the product fragments is possible. Collision of 

• 

0 

 . this type where the atoms can no longer be regarded as structureless particles 
on a single potential surface will be discussed in the final section. Here we 
shall be concerned with the small but important class of three body collisions 

• 

	

	
where the potential can be, at least approximatelY regarded as a function of 

the three interatomic distances only. ral shape of such surfaces. Their most 
We have already discussed the gene  

important qualitative features are: 
The location of the exoergicity release, e.g.. whether manifested as 

reactant attraction or product repulsion. 
The barrier height (if any) and the general shape of the potential at the 

Rnddle point, 
wl411 iI JIM p #l l ra l luc nnd c,iit vaBeys. 

In a similarly cavalier fashion we can group the collision dynamics leading 
to reaction into two classes. The first class in which the atoms follow fairly 
simple trajectories from reactant to product are known as DIREC7. The 

a second class of trjectories are those that follow a tortuous path over the 

surface. These are of the COMPLEX type. 'l'his division is also reflected in 
the theoretical models used in their description. In reactions proceeding by 
direct dynamics the models involve the concept of trajectories linking the 
initial and final states of the collision directly. Treatments of collisions 
following complex dynamics use statistical descriptions of the collision 
complex and no longer trace trajectories across the surface. Finally, a third 
class of theories is concerned with penetrating collisions that do not lead to 
reaction. These are often as revealing about the reactive processes as those 
that actually result in reaction. Reactions with intermediate types of behaviour 
occur frequently but the simple division described remains a useful aid to 
intuition, particularly, in correlating the dynamics with the shape of the 

nnection that we shall be mainly concerned. potential surface. It is with this co  
DIRECI DYNAMICS 

The clearest examples of reactions exhibiting this behaviour are provided 
by alkali metal/halogen reactions of the type: 

M + XR —.MX + B. 

Where X and M are a halogen and an alkali metal and R be either another 
halogen or an alkyl group. In interactions of a very strong nucleophile (M) 
and an electrophile (XR) an electron transfer occurs from the alkali metal 

to the halogen at a distance r related to the ionisatiOfl potential I, and 

electron affinity E. by: 
e2  (26) 

'p(M) - Ea(R) 
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A strong coulombic interaction then dominates their potential at distances 
less than r. The details of this electron transfer or 'harpooning' are looked at 
more closely in the final section, here we simply consider its consequences. 

•  Most of our information about this class of reaction comes from molecular 
beam experiments in which the angular distribution and final translational 
energies  of both the product MX and the elastically scattered M are measured. 

• 	 These reactions are particularly suitable for this type of experiment since 
• 	 they involve an alkali atom which is especially easy to detect; the inter- 

pretation is aided by the existence of 20 different alkali/halogen pairs that 
can be studied, each with the same type of surface but with a systematically 

	

• 	 changed harpooning radius r0  and reduced mass. 
The major observations can be summarized as follows: 

	

• 	 (i) The total reaction cross section is only a little less than 7Tr2  so that most 
of the collisions in which harpooning occurs result in reaction. 

(ii) The elastic or unreacted alkali metal scattering has a similar angular 
distribution to that found in non-reactive systems at narrow angles. At wide 

• 

	

	 angles this scattering falls off more sharply and in the case of reactions with 
large r the usual elastic rainbow scattering may not appear at all. 

•  (iii) The division of the exoergicity between translation and vibration of the 
products varies with r. Vibrational excitation is predominant in systems 
where r is large, translation becoming more important as r decreases. 

• 	Rotational excitation is relatively unimportant in removing theexoergicity. 
The relative distribution of the scattered product with angle changes 

with r. When it is large compared to the gas kinetic diameters the product 
is predominantly forward scattered along the relative velocity vector. Con-
versely in systems where r  is small most of the product appears in the back- 

• • 	 ward hemisphere. 
The reaction cross section is rather insensitive to the impact energy i.e. 

there is no barrier to reaction in these reactions, a result in accord with rate 
constant measurements in these systems which indicate a zero activation 
energy. 

• 	 (vi) In the case of the reaction CH 3I + K -+ K! + CH3 , at least, the re- 
action occurs at the Iend of the CH 3I molecule. The effective area for reaction 
on the CH3I molecule being comparable to that predicted by geometric 

•  arguments of accessibility. This last observation is the result of an ingenious 
experiment in which a target of oriented CH 3I is prepared by passing a beam 
of the molecules through a strong inhomogenous field. Polar molecules 

• entering this field with a small transverse component of velocityexperience a 
restoring force which depends upon their effective dipole moment in the 
direction of the field and execute sinusoidal oscillations about the axis. By a 
suitable arrangement of stops and orifices it is possible to arrange for only a 

• 	narrow band of orientations to be transmitted. The potassium beam can 



then be made to approach either predominantly the CH 3  or the, I end of the 
molecule and the resulting changes in angular distribution of the product 
observed by scanning a detector about their mutual collision zone. 

The major qualitative trends observed can be rationalized in terms of the 
potential surface which in reactions of this type correlates strongly with r. 
This correlation helps our interpretation considerably and in a rather intuitive 
spirit we might argue as indicated in Fig. 9. The model that emerges is one in 
which collisions where r0  IS large are viewed as two body affairs; initially as 
M+ (RX) and then after harpooning as M + X with the R group simply 
spectating and playing no part in the dynamics. For systems where r0  is small 
all the particles are coupled strongly and product repulsion is more important. 

OBSERVATiON 

aR varies roughly with Elastic scattering falls Vibrational excitation Percentage of product 
off at wider angles 	increases, transla- 	forward.scattered 

(1) 	as r4  increases 	tional excitation of 	increases with r1  
(2) 	product decreases as 	(4) 

r mcreases 
(3) 

DEDUCTION 

After harpooning the Alkali atoms with The bond between 
strong interaction turning points in- MX is formed 
between the ions side r react, con- abruptly at r,. If 
which form the final sequently elastic r >> equilibrium 
product result in scattering that bond disthnce the 
most such collisions, would have been product will be 
emerging as product. seen at wide angles vibrationally excited. 

(corresponding to Conversely if r, is 
the same small small all three atoms 
turning radius) are close and will 
hardly appears. repel each other. 

If the new bond is 
formed at large 
distances the inter-
action between the 
product molecule 
and the reactant 
fragment R will be 
small. The product 
MX will then con-
tinue along the 
incident M direction 
(broadened by any 
momentwii brought 
to the product by 
X) Conversely prod-
uct formed at 
small r1  will inter-
act strongly with 
the R fragment and 
large deflections will 
occur. 

Fic. 9 Correlation of experimental observations with the dynamics of motion over the 
potential surface in harpooning reactions. 
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Obviously specialfeatures are found in many reactions but there is a good 

element of truth in these simple ideas. Muóh more detailed models must be 
used, however, if a quantitative understanding of these results is required. 
The most successful of these models treat reactive collisions as a classical 
multi-body problem and use a computer simulation or Monte Carlo sampling 
technique for their Solution. In these computer experiments a potential surface 
is constructed to represent the interaction of all the atoms. The history of a 
large number of trajectories is then followed by numerical integration of the 
classical equations of motion. If the starting points for these trajectories are 
drawn randomly from a population representative of that in the experiments 
being modelled we can compare the azerage results of these computations 
with experiment. We may also test the rather intuitive ideas in Fig. 9, against 
these calculations. A trajectory calculated for a model of the K/I 2  system is 
shown in Fig. 10 the large vibrational excitation in the product KI is clearly 
seen. In principle the use of classical mechanics in these calculations is a 
serious weakness. In most cases, however, the deviation between the QM 
and classical results is not large as for example in Fig. 11. The classical results 
are very close to an average of the quantal prediction and would be hard to 
distinguish experimentally. Indeed the relative paucity of experimental in-
formation is a serious limitation to further theoretical development. For 

C, 

V 

g 
U 
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a, 
C 

' 	 240 Time Cs x JO') 

Fia. 10 Plot of the internuclear distance r_1 , r_1  and r1_1  as a function of time for collisions of K and Is 
 at thermal energies. The high vibrational excitation of the product K! is easily seen. 
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Fzo. 11 Quantum and classical calculations for the probability of reaction in the hydrogen 
atom exchange reaction over a range of collision energies. (Reproduced from Bowman and 
Kuppermann VII ICPEAC, Amsterdam, 1911.) 

example, in the case of the alkali/halogen reactions a number of potential 
surfaces can claim agreement with experiment. The initial abrupt change in 
the potential associated with electron transfer is a feature of all of them, but 
they differ markedly in their description of the potential in the region where 
the products are separating. Thus potentials with either: 

very weak exit interactions, 
strong shortrange repulsive, forces followed by long range attractive 

ones, or, 
in which the charge in the halogen molecule may migrate from one 

• 	 halogen atom to the other during this phase of the motion, all fit the present 
• 	

• data. -Yet more information, possibly about the disposal of the angular 
momentum or about the inverse collisions KI + I - K + 1 5  will be required 

- to resolvethis ambiguity. 

• 	
• COMPLEX DYNAMICS 

A very large number of reactions are thought to proceed via a collision 
• complex with a lifetime greater or comparable to its rotational period. In gas 

phase experiments, information has been obtained from unimolecular reaction 
kinetics. In these reactions competition between the rates of reaction and 

• 

	

	 deactivation of the activated complex yield information on its lifetime.- The 
more detailed information provided by beam scattering experiments is 

Cr 
a. 
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available for only a few systems, e.g. 

Cs+SFe -+CsF+SF5 
(27) 

Cs+RbCl—i.CSCI+Rb 

The actual features in the potential surface which produce this longevity of 
the complex are not cIear. The classical Monte Carlo typç of calculation is. 
not very useful because the large number of particles involved and the long 
period over. 'which these trajectories must be followed make it difficult to 
maintain, numerical precision.. The important requirement appears to be the 
existence of a large number of accessible quasi-stable states of the complex 
in which the internal degrees of freedom of the target molecule are excited. 
Decaying states of this kind, sometimes also called resonances can leak away 
to form either the products or via the elastic channel to reform the reactants. 
Resonances arise for specific effective potentials i.e. orbital angular momenta 
and are characterized by both their energy and their life time for decay, 1R 
and 1E  into the reactive and non-reactive channels respectively. This finite life 
in conjunction with the uncertainty relation A.E At = h requires the resonance 
to have a finite energy width r, collisions within this width excite the resonance 
and then decay partly into products and partly back into reactants. 

This situation can be represented by using a complex phase shift, 'j + ie, 
in which the imaginary part corresponds to the attenuation.of the lth partial. 
wave by reaction. The expression forf(0) equation (16) using this complex 
phase shift then allows the elastic scattering in the presence of reaction to be 
calculated. Interpretation of experimental data in this fashion can yield both 
the potential V(r) and the probability of complex formation as a function of r. 

In the molecular systems the resonances are usually so numerous and so 
closely spaced that their effect can only be considered in some average way. 
In the Rice Ramsperger Kassel Marcus (RRKM) theory of unimolecular 
reactions these effects are considered purely statistically. In this model all the 
possible excited states of the complex at a specific energy E are divided into 
two 'classes. In the first group are all those states in which the excitation 
energy is largely present in internal modes of the complex not directly involved 
in the reaction so that insufficient energy remains in the reaction co-ordinate 
for dissociation to take place. The second class of states are conversely those 
in which at least E0 , the threshold or activation energy remains in the reaction 
co-ordinate so that decomposition can occur directly. This model can be 
applied to the complex formed by the collision of the two reactant species. 
If the lifetime of the complex is sufficiently long and all the states are well 
coupled to each other the collision energy will be rapidly distributed amongst 
them. Every state can then be assumed to be equally likely to be populated 
and the average lifetime is related to the ratio of the statistical weights of the 
two classes. , 
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If N(L) dE is the number of states in the first class between energy E and 
E + dE and P(E - E0) is the number of states at the same total energy with 
at least E. in the reaction co-ordinate then the mean reactive lifetime of the 
complex is: 

hN(E)/P(E - E) 	 (28) 

The energy dependence of this lifetime depends upon the relative rates at 
which N(E) and F(L) change with total energy. In almost all cases N(E) 
-increases more slowly than F(E) so that the complex lifetime falls sharply 
with increasing energy. Typical behaviour for (ta) as a function of energy 

Fio. 12 Plot of lifetime for the radical decomposition of C 4H, versus total energy of the 
complex. The two lines at the bottom of the figure are upper and lower bounds on the life-
time for direct dynamics. The reaction is therefore expected to change from complex to 
direct dynamics at S eV collision enegy. 
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calculated for the process C4H -+ C3H6  + C!-!3  is shown in Fig. 12. At 
higher energies the lifetime predicted becomes very short and comparable to 
that for prociesses with direct dynamics. It is not surprising therefore that in 
the ion molecule reaction C 2H + C2H4 -+ C3Ht with a C4  transition state 
the dynamics change from complex to direct as the collision energy varies from - 
Itó5eV. 	 - 

Although equipartition of energy will take place in the internal modes of 
the complex its total angular momentum J must be conserved both in magni-
tude and direction throughout the collision. This total angular momentum 
is initially comprised of two quantities, the relative orbital angular momen-
turn L(=pv x b) brought to the complex by the relative motion of the two 
reactants and I the internal angular momentum of the reactants. If the cross 
section for complex formation is sizeable the impact parameters of collisions 
producing the complex must be large so that I>> I and J = L. The total 
angular momentum will be approximately perpendicular to the direction 
of the incident relative velocity. This information is now frozen irrevocably 
into the complex. At firstsight it would seem that the decay products from 
such a long lived complex would be released isotropically; that is a detector 
moving over the surface of a sphere centred on the complex would register a 
flux independent of angle. In general this is not so because the total angular 
momentum vector is not isotropically orientated but is uniform in a plane. 
The angular distribution of product now depends upon how much of this 
total angular momentum appears in the product. If the product is only weakly 

• 

	

	rotationally excited its angular distribution will be primarily forward and 
back (at 0 and IT) in the centre of mass system. Conversely if almost all the 

• angular momentum in the complex appears as rotation of the products then 
the distribution will be predominantly sideways. Only if the products are 
formed with a wide range of rotational energies will an isotropic centre of 
mass distribution be seen. In any of these cases however the product distri-
bution is symmetrical about IT/2; any asymmetry about this angle indicates 
a decay lifetime comparable to the rotational period for the complex so that 
some 'memory' of the initial orientation of the complex at formation remains. 
Measurement of this asymmetry would thusallow the lifetime to be estimated 
while the spread of the distribution provides information on the distribution 
of angular momentum in the complex and hence on the types of trajectories 
responsible for its formation. 

Arguments of this type have been applied to the reaction: 

* 	 Cs + SF6  - CsF + SF6 	 - 	
. 	 (29) 

for which rather detailed informatjor is available from molecular beam 
electric resonance experiments. In these experiments product CsF, formed 
at the intersection of thermal energy beams of Cs and SF 6 , is introduced into 
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the spectrometer. The MEER spectrometer consists of a series of static and 
RF electric fields with a geometry of slits and holes so arranged that only 
molecules undergoing particular transitions in the RF field can reach a de-
tector; by choosing suitable RF frequencies it is possible to determine the 
population of the CsF molecules in particular vibrational states. 

• The results of this and related experiments were broadly in agreement in 
showig that: 
• (i) The velocity, rotational and vibrational distributions of the CsF product 

were roughly Boltzmann in distribution and corresponded to a temperature 
of 1200 °K. . 

(ii) The product angular distribution was symmetrical about 1ij2. with 
peaks in the forward and backward quadrants. These distributions are in 
good accord with estimates based on equilibrium conditions in the complex. 
The SF5  radical which by difference must be formed with r-'16 out of the 
2 eV exothermicity also corresponding to a temperature of 1200 °K. 

6. Transitions between potential surfaces 
So far in our discussion we have assumed that the course of a molecular 

collision is governed by a single potential surface. The collisional phenomena 
of the quenching of resonance radiation, intermultiplet transitions, transfer 
of electronic excitation and chemi-ionization are all examples of processes 
that cannot be described by a single potential energy function or quantum 
state. In .vibrational spectroscopy, examples of the coupling of electronic 
states are provided by predissociation, the perturbation of line intensities 
and A doubling. In all cases, two electronic states of the same symmetry 
have nearly the same energy at some configuration. Nuclear motion taking 
the system through that configuration can then induce transitions between 
these states. - 

It is worth looking at the reason for this in more detail, with the electronic 
states of some diatomic molecules as examples. Consider the interaction of 
He with H+.  Some of the molecular potential energy curves arising from this 
separated ion atom pair are shown in Fig. 13 together with the excited He 
state to which they dissociate. In among these excited states is the state. 
He+/H, in which one electron is transferred to the proton. The states drawn 
as a first approximation are constructed solely from the atomic states of the 
dissociated atoms and there is no-mixing of different states, or of states with 
the electrons -differently partitioned between the two nuclei. The energy 
curve of the molecular state evolving from the ls 12p.1  configuration of He 
falls sharply with the approach of the two nuclei (because of the large pol-
arizability of this excited state) and in fact crosses the AZ state evolving 
from He+/H.  The electron distribution in these crude states does not change 
much with the internuclear scparation in that the initial atomic distributions 
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A2 X 

.He (1 s2 )+H+  

FIG. 13 Some of the molecular states of the HeH system. The heavy lines are the potential 
energy curves in the 'diabatic' approximation, i.e. constructed solely from the atomic states 
to which they dissociate (indicated at the right). The dashed lines represent the shift in the 
electronic energy when configuration interaction is introduced. There is an avoided crossing 

ç 	between A and B states. 

are largely undistributed. We feel intuitively that in the limit of very fast 
collisions, these curves' must be approximately those producing the inter-
atomic force, in that the electrons do not have time to adjust to the changing 
internuclear separation. These potential curves are called diabatic. If, on the 
contrary, the electron distribution adjusts to the changing separation (i.e. 
we trace out the true eigenfunctions of the static problem) the resulting 
potential curves are appropriate-to infinitely slow nuclear motion and are 

5 	 . 

-- - 
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called adiabatic. We can now describe the resulting wave functions as super-
positions of the simpler diabatic states; this mixing is illustrated in Fig. 13 
by the shift to the dashed curves. Consider first the mixing of the He (ls2p) 
and (1 s2) states by ,the 1coming proton: the change in character of the lower 
state is towards a gradual increase in p-character (sometimes described as 
hybridization), perhaps achieving 50% near the equilibrium separation. Now 
we follow the interaction of the two upper diabatic states (dissociating to 
He*, H and He, H respectively). The mixing is at first small because of the 

• • large energy separation but increases rapidly as the zeroth order or diabatic 
crossing is approached. At this point the two new adiabatic states are each a 
50/50 mixture of the parent states and their difference in energy is H1 , the 
matrix element of the complete Hamiltonian between the two zeroth order 
states. Then, as r decreases further, the character of the lower states rapidly 
becomes that of He(l s2p)/H+, so in the space of a few angstroms an electron 

• 	 has in effect been transferred from the hydrogen atom to the 2p orbital of 
• He. The changeover is more rapid the greater the difference in gradients of 

the upper and lower zeroth order states at the dosing. This behaviour is to 
be contrasted with the more gradual change in bond character of the lowest 
(X) state which does not cross another state. 

This arrangement of potential energy curves in the He+/H  system has im-
portant dynamical consequences; if collisions are sufficiently slow, their 
relative motion will be governed by the adiabatic potential of the A(s) state 

•ánd the electron will be transferred at the avoided crossing. However, as the 
speed of the relative motion increases the time spent in traversing the region 
rapidly changing electron density decreases. There is then a growing likeli- 

• hoOd that the electron will fail to adjust to the new minimum energy con-
figuration and will be caught in the upper BE state. Inside the crossing, where 
the electron distribution is again slowly varying with R the motiçn is adiabatic. 
It is true that the system can leave this state by radiatiOn to the ground state 
(X'E) but the, lifetime of excited electronic states (in the absence of any 
dynamic coupling) is typically —'10 s, many times longer than theduration 
of the collision ( < 10 s, unless there is a resonance). The system thus 
emerges from the collision as either He + H+ or  He+ + H with a 
probability dependent on the adiabaticity. 

To move towards a more quantitative picture of motion over an avoided 
crossing, we might guess that, if the energy separation of the two states at r 
is iE, then the perturbation caused by the relative motion can induce a transi-
tion between the two adiabatic states if its time dependence has a strong 
Fourier component of frequency iE/h. The effective duration of the 
collision is typically Ir/v, where Lr is the range of r over which most 
of the electronic rearrangement takes place and v is the relative velocity. 
Thus, a parameter to gauge the non-adiabaticity (or probability of transition 
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between adiabatic states) might be 1ELr/hv. To proceed further, time de-
pendent perturbation theory must be invoked and the following famous 
result: - 

P = exp (—H 2/(2 I FIL - F2 1 hv) 	 (30) 

is obtained for P the probability of non-adiabatic behaviour after a single 
passage over the crossing of two potential curves with gradients F1  and F1  at 
the crossing. This; the Landau Zener formula, occupies a central place in 
non-adiabatic collision theory. It is an approximate formula, but a good one 

• 	and. the  argument of the exponential in (30) is álosely related to the non- 
• 	adiabaticity parameter discussed above. - 

In order to obtain the overall probability of non-adiabatic or adiabatic 
• 	behaviour as the result of a collision, equation (30) must be applied each time 

• 	 the crossing is traversed—one on the inward path and once on the outward. 
The final probabilities are then: 

Probability of a- (non-adiabaticrob. at 1St crossing of\(adiab
atic
Prob. at 2nd crossing o 

non-adiabatic 	behaviour) 	behaviour . f) 
collision 

(Prob. at 1St crossing of\ >• (no
n-adiabatic
Prob. at 2nd crossing of\ 

adiabatic behaviour ) 	behaviour) 

=2P(1—F) 

Probability of 	= P2  + (1 -. P)2 
an adiabatic collision 	 (31) 

The maximum value of the probability for non adiabatic collisions in this 
approximation is 1/2. If (30) is inserted for P in (31), the overall probability 
of non-adiabatic behaviour will be found to have an energy dependence such 
that P(E) rises to a maximum and then falls off fairly sharply, tending to 
zero as E tends to infinity. 

A qualitative analysis of a curve crossing situation thus consists of first 
identifying the various spectroscopic states that might cross the state under 
cànsideration. and roughly locating the values of r. The maximum non-
adiabatic cross section is then: 

• 	- 	 a 0 1(E) = 7b:/2 
• non.ad 

where b is the impact parameter leading to a turning point at r when the 
relative kinetic energy is E. Under some conditions, enough is known about 
the potential curves to attempt an evaluation of P(b) with the aid of (30). 
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The non-adiabatic cross section is then: 

c 061(E) =f 27 	P(b) b db 	 (32) 
nou.a 	 fO DOn.a 

Like F, r(E)' would show threshold, and peak dependence on E. 
It should be emphasize'd that (30) and the equations derived from it pre-

suppose that all the change in the population of the two states occurs around 
the crossing point. It may well'be that in an actual system the difference in 
gradients, F1  and F, of the two diabatic states is very small or that the states 
do not actually cross but merely come close in energy. The crossing point is 
then ill-defined and the population of the states will change slowly over much 
of the trajectory. In this case a moEe elaborate quantum theory must be used. 

• Such a situation occurs in vibrational energy transfer ,  where the incoming 
atom couples various vibrational states of the target 'molecule but a curve 
crossing is not necessarily involved and, partly because of this, transition 
probabilities (i.e. non-adiabatic effects) are small. 

As examples of systems in which curve crossing effects have been observed 
we begin by discussing the ,  interactions of two S-state atoms, K and Ar, 
Fig. 14; when the atoms are well separated the first excited state is the 2P 
state of potassium with the argon excited states lying considerably higher in 
energy. At small separations (—'1-2 A) there is an avoided crossing between 
the ground 2Z state and the A 2Z state dissociating to a 2P K atom. A mech-
anism for the quenching of the 2P state, which is readily excited by electron 
bombardment or by the adsorption of resonance radiation, is then for the 
excited atom to suffer a collision with an argon atom such that the crossing 
point is reached and the system emerges in the X 2E state which dissociates to 

ground state atoms. 
One of the most studied examples of a curve crossing occurs in the system 

discussed in Section 5: 

M+X2 —~ M+X2- 
(33) 

M + X M+X- 

where M is an alkali metal and X or X 2  a halogen atom or molecule. The 
non-adiabatic phenomenon here is chemi-ionization and the mechanism can 
be seen from Fig. 15. Regarding the X 2  molçcule as an atom of appropriate 
electron affinity, the key feature of the first two 1Z diatomic states is that the 
upper, largely ionic one (dissociating to M + X, or X) falls rapidly in 
energy due to the coulomb attraction between anion and cation and crosses 
the ground state curve at between 5 and 12 A depending oh M and X. At 
smaller separations the lower state takes an almost purely ionic character. 
Once again this is an avoided crossing, though the splitting is only '—O'l eV 
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Ar 

\ 
•// 	Ar(IS0) 

•_I , •  

FiG. 14 Some of the molecular states of the KAr system. The changing hybridization of 
the atoms is schematically indicated in each state. At the avoided crossing, the two new 
states are different in the direction that the spz  hybrid points. The H state crosses the ground 
stale, but in the absence of nuclear motion does not mix with it. 

because of the large value of r. The mechanism for chemi-ionization is thus 
for the system to enter the first crossing as a neutral pair and though a non-
adiabatic transition on either the inward or the outward path to emerge in 
the upper ionic state. Naturally, the relative kinetic energy must be greater 
than the energy required for ion production ('—'2 eV) but because of the very 
small energy gap at the crossing, ion production is seen at energies just above 
this threshold. 

For clarity, examples have been drawn from diatomic systems and there 
the test for whether two diatomic states actually cross or avoid a crossing if 
they become degenerate is simply (i) whether they are of the same symmetry 
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Fio. 15 The two lowest states of KX. Thereis an avoided crossing at r,, to the left of which 
the lower state assumes almost complete ionic character. The energy splitting at r, is too 
small to show. 

g, U); (ii) whether they have the same -A value; (iii) whether they have 
the same spin multiplicity. If any of these conditions is not fulfilled the 
coupling matrix element H12  vanishes. It is then much more difficult 
to induce transitions. 

On a polyatomic surface the same considerations apply, with all the sym-
metry operations appropriate to the geometrical configuration being applied. 
However, in molecular collisions all possible molecular geometries are 
sampled and one is effectively left with the rule that only states with the same 
multiplicity can avoid a-crossing. 

With more than two atoms, simple crossing at a point is replaced by a line 
along which the surfaces intersect and the subject is of considerable 
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complexity, although an important one in that such crosing especially 
• 	 between excited states of the system might be quite common. 

• 	
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Differential elastic cross sections for the scattering of the metastable 6 3P2  state of mercury from 
sodium, potassium and rubidium have been measured at thermal energies. Interference structure is 
resolved in all cases, suggesting that the atoms interact by a single effective potential in the attractive 
region probed at these energies. No attenuation of the interference structure is observed so that. 

- quenching of the metastable state is not an important process along trajectories sampling only the 
attractive part of the potential. 

Collisions between ground state Hg atoms ( 1 S0) and alkali metal atoms (2Sf) at 
thermal energies are necessarily elastic and occur under, the influence of a single 

• potential. Séattering meäsurethents on- these 'stems have been made by several 
groups 1-7  and recently Buck and Pauly 8 • have reported accurate differential cross 
section measurements and their inversion to yield potentials. This inversion may be 
in some degree ambiguous as shown by Boyle ,10;  nevertheless the potential between 
the alkali metals and ground state mercury is now comparatively well established 

The corresponding interaction between alkali atoms and the excited states 'of Hg 12  

is much less well 'understood. The lowest of.siich states are .the 6 3P0, 6 3P1  and 6 3F2  
at, respetively, 4.64, 4.89 and 5.43 eV above ground: The 6 3P0  and 6 3F2  states are 
metastäble with a lifetime 11, 1,2 10-3 s, comparable to the flight time in the crossed. 
beam apparatus usedfor the present experiments. ; The' 3P1  state decays after.-' lO -  s. 

• The thermal energy collision 'of these atoms with' other species is now complicated not 
only by the possibility of electronic energy transfer but also by the fact that a manifold 
of potentials arises from the separated atoms due to the possible spin pairings (if the 
partner is not a singlet atom) and m, states of the Hg atom. 

TABLE '1 :—AE FOR PROCESSES INVOLVING Hg (3F2 ) AND ALKALI METALS 

process 	 Na 	 K. 	, 	Rb 

ionisation of M. . 	 :—O.31- 	—1.11 	—1.27 

- 	excitation transfer to 1st 	 . 	 . 
excited state of M . 	—3.33 	—3.82 	—3.87 

The photochemistry 13  of these states and in particular of the 3P1  atoms is of great 
importance and has been widely studied. However, the understanding of the funda-
mental processes of electronic energy transfer and their relation to curve crossing must 
begin with simple systems where a knowledge of the adiabatic potential curves can be 
obtained. The alkali metal + H g* system is a useful case for this purpose since both 
theoretical studies and the unravelling of potential energy curves through magnetic 
state selection offer the hope of a complete picture. 

The various processes that can occur are: (a) elastic scattering, (b) intermultiplet 
transitions AJ, which will be followed by quenching if the 3P1  state is formed, (c) 

158 	. 	- 
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n, transitions within a given Jstate, d)ionisation, 	transfer of electronic excitation 
• 	tothe alkali metal. ... 	- • 	 . 	.• 

For the 6 3P2  state, allthese chaniiels are open for the series Na to Cs,though with 
- fairly ,  considerable cxoer'icities except for eases (a).and (c) ;' exoergicily values are 
• given in table I. In this paper we describe th6 results of differential cross section 

o 	
- 

measurements n the process (a), elastic scttteringaccompaniedh' (e),mj  transitions, 
i 	br sUatkring ithout chingt in I LIUL 

...................EXPERIMENTAL 	 • 

The ãppàratu is showh shetially in II. 1. 	hê two beamurces rott onà turn- 
table in front of the xèd detetór which is loatéd in a differentially puiipd chamber)4 
The excited mercury. beam is produced by bombarding aground state Hg bLin effusing from 

• a glas capillary array with electrons of controlled energy. The electrons wer6 collimated by a. 
magnetic-field and, with an excitation voltage of 10 eV, an electron current ' 10 mA excited 
roughly 1 in 10 1  of the Hg atoms resulting in a metastable flux of 1010101 atoms steradian' 

• s 1 . Higher electron energies mainly resulted in inreased production Of photons as shown 
by time of flight experiments using a pulsed. excitation voltage. After re-collimation (the 
electron bombardment can produce deflections ' 2 °  in the Hg* beam, the metastable atoms 
crossed a modulated target beam of alkali me!al atoms. The scattered atoms entered a 
UHV chamber ("-' 10 Ton) via a narrow channel to strike a clean potassium surface plated 
in situ. Electrons ejected from this surface were focused into a Mullard channel electron 
multiplier and counted on dual scalers gated in, delayed synôhronism with the farget beam 
modulation. The maximum counting rate observed was 10 1  Hz -while the background 
count rate for the detector alone (valved off from the main chamber) was 1-0.1 Hz; more 

• typically, when measurements were in progress, the background was 2-3 Hz. :once prepared, 
the K surface was stable in performance for periods of several months. All the experimental 
data were recorded on paper tape and processed off I inc by computer) 4  

lonpJlp 

LF j1 1 
Hg CWIN • 	 EXCrTER 	XBEAM • 

..... .................... 	. 	 : 	• 	• 	 . 	- 

J 
• 	 • 	. 	-.. 	. 	 . 	 ... 	t.p. 

Fic. 1.—Apparatus schematic showing electron gun for metasahle Hg production and the Auger 

	

detector. . 	•. 	 - 	. 	- 
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The excitation functiOn observed with this equipment-is shown in fig. 2 as a plot Of main 
beam signal (normalised by the excitation current) versus excitation voltage.- - The first. 
maximum-with a threshold at ' 6.0 eV arises frorri the 6 3P0 , 1 , 2  states, the other maximum 
with a threshold at 10 eV observed on a tungsten surface results from photons plus possibly 

- some long lived 3 D3  Hg atoms.'s In the results to be described, 10 e\ electrons were used-. 
so  that only the 6 3P0 , 1 , 2  states need be considered. Of these three possibilities, time of flight 
experiments sh'owed the photon contribution (from decay ofP 1  Hg) to be only 10 % of the 
total signal. . Since the scattering cross section for 2537 A phOtOns with alkali metals is very 
much smaller than for atom-atom collisions, these photons will not be modulated by the 
cross beam and hence not registered as 'säattered signal. - .Calculations 16  for the 3P2  and 3P0  

- states suggest that the ratio Of their cross.sections for formation -  by electron bombardment is 
roughtly 5 1 (i e the simple statistical ratio) Their lifetimes are probably similar and 
since the 3P2  would be more efficiently detected by the K surface the observed scattering is 

• - 

	

	tentatively attributed solely to this state. - Magnetic, deflection analysis Of the beam to 
confirm this is in progress 

- - 	 - .•-; 

.2 	4 	6 	8 	10 	12 - 14 	16 

- exciter voltage/V 	- 
Fio. 2.—Apparent excitation function observed for Auger ejection from K and ,W surfaces as a 

- 	 function of exciter voltage in the source.  

Because the IP2  Hg atom flux decays appreciably during transit from scattering centre to 
detector, the Hg*  velocity distribution is considerably distorted from the initial v 2- Maxwellian 
one out of the exciter.' The appropriate velocity distribution a distance L from the source is: 

1(0 = I(v)() exp {[i _(-)2]_LJ(rv)} 	 (1) 
VO  V.  

where v is the - most probable velocity at source and t is the lifetime. At a distance L 
downstream, the most probable velocity v is given by the appropriate root of the cubic 

/*\3 -  * 
• 	 - 	(VL 	VL_ 	 -- 	- 	

' • 	
- 	) 	v 	2rv 	

2
- 	- 

From the dimensions of the apparatus (L = 61 cm), the most probable velocity of the' Hg*  is 
'-.'38 % greater than that for a stable species at the same temperature. The relative velocity 
distribution is not affected so much, the full width at half height being' reduced by 10 %. - 
The most probable relative velocity also changes slightly with angle of scattering. -Finally, 
the relative massesand velocities are such that at a given laboratory angle of observation (0) --
there are two centre of mass angles (x) contributing, leading to fast and slow scattered 
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components; However; partly because of the ratio of-Jacobians but also because of sub- -. 
stantially greater decay, the slow component is <10 % of the fast component S and may be 
neglected. - 

RESULTS AND DISCUSSION 

Laboratry distribution for Hg* elasiia1ly scattered from the alkali metals Na, K 
and Rb are shown in fig. 3, 5 and 7. The corresponding centre of mass angles are also 
shown on the axes. The results for Rb. arerather limited in precision pending further 

• 	observatiOns.. Fig.4 and 6 show the result Of deconvoluting the curves shown in fig. 

16 

• 	 0 

H 

	

00 	 — 	 • 

a  

angle. 	•— 	 - 

Flu. 3.—Laboratory differential cross section for Hg 6 3F2  scattering from sodium. The angles 
shown below the axis are in the centre of mass system Velocity 895 0 m s 
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Fic. 4.—Laboratory differential cross section for Hg 61'2 + Na deconvoluted using the ihajn beam 

- 	: profile, data of fig: 3. 	0 	 — • —.- 

	 .. 	 .. 	 • 	 - 
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3 and 5 using the observed main beam profile as the filter functIon. 'The decon'vôlutéd 
results are rather noisy, but structure partially resolved before deconvolution can now 
be clearly seen. The laboratory angles are shown above the axis. 

0 

1 . 

x 

angle 	. 	.. 

FIG: 5.—Laboratory differential cross section Hg 6 3P2  scattering from K. The angles shown below 
the axis are in the centre of mass system. Veiccity 660.0 m 

0 

. 	-..-. 	 angle 

- Fin. 6.—Deconvoluted results for Hg .6 3P2 + K, same data as fig. 5. 

The 1most striking qualitative feature of these results is the presence of strong 
undulations in the differential cross. sections which cover the whole angular range of 
observation (out to 85° in the centre of mass in some cases) with undiminished ampli-

- tude:. This points tO two quite separate conclusions. Firstly, we are. seeing-the 
operation of either a single potential or a group of potentials that are very similar in 
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the parts ofthem covered 'by the observations. For,' if' several' rather different 
• potentials with similar weights were operating, the net interference structure would be 

much weakened by superposition of the separate'patterns:: Furthermore, the presence 
of strong interference structure means that at least two branches of' the defléctiôn 
function are present. Thus, quenching cannot be removing the inner branch ofthe 
deflectionrfunction  or, if severalsimilár potentials are operating, only one or two at 
most can'be affected in this way otherwise the amplitude of the interference structure 
would be diminished.  
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Fio. 7.—Laboratory differential cross section for 14g6 3P2  scattering from Rb. The angles shown 
below the axis are in the centre of mass system. Velocity 470.0 m s'. 	• 
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FIG. 8.—A family of deflection functions arising from a group of ptenti'als.having sifriilárvalues of •. 

	

a and C6büt different values of . ' Also shown are the 1 values of some:interfering branches.' 	• ,. - - 
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• Turning to the details of the scattering structure, there is a regular pattern in.which 
two periods maybe seen,:a high 'frequency one with an average, period of '. 5.8°  (Na) 
and 3:7° (K);and a lower frequency one of smaller amplitude with a period of 24° and 
.13 0  respectively in-Na and .K. •- This rather simple structure is similar to that expected 
from a' single potential at collision energies leading to orbiting or- a rainbow well 
beyond the-angu1ar pbservation 'range.. Referring to fig. 8, analysis ,of the angular 
periods in- the 'interference structure can be made using- the; semi-classical 'relation 

= 27/(l -12) where 1 and 12 are the orbital momenta values for' two interfring 
branches on the attractive side. The high frequency oscillations would then corres-
pond to interference betveen- two attractive .branches -with deflection x and spaced 
2-3 A apart. The low amplitude longer period oscillations similarly arise from 
regions of the deflection function centred at 27t- and x spaced ' 0.8 A apart, (see 
fig. 8). A detailed potential fit tothis data has notyet been achieved but at least a 
qualitatively similar crosssecti'on can be obtained using the Buck and Pauly potential 
for the ground state atoms; suggesfing that the effective potential of.:Hg*/M  is 
similar- to this , - - - 

Five molecular states evolve from the atomic pair Hg( 3P2) + M(2S4) ;and so the 
question arises as to why they should 'all appear so similar. At large eparations 
Hund's case (c) holds (assuming fixed nuclei) -and the manifold of states may be-
classified by their value of Q( = m1(Hg) + m(M)). In the limit of small separations 
(Hund's case (a)) the good quantum numbers are A and S. Depending' on the order 
of the molecular states, the following tentative correlations may be made';• 

' 	
- molecular 

m., 	, ms 	. 	I) 	State, 	- 

'-'-. 

2 	-f 
4Y  

0 	 f 	f-+ 

It is clear that neither the deep lyiflg 	nor th largely repulsive 2  corelate with the - 
3P2  state. Calculations of the interatomic potential' in the mj,' ms  coupling 'scheme 
have been made'using the limited Harfree-Fock-Slater 2-electron orbitals already 
calculated for the 3P2' state of Hg. 17  These were combifled with-HFS valence orbital 
of the alkali metal to form a linear combination of Slater determinants,that preserved .  
J and mj  as good quantum numbers An approximate Hamiltontan using the core 
potentials (with exchange) of the unperturbed atoms together with the specific 
electron-electron repulsion terms among the three valence electrons was then used in a 
first order computation of the energy of each of the five states listed above Relatively 

- shallow wells ranging from' 8 x' 1O_ 14  erg 'to 13 x 10-  erg were 'found, all much less 
than the spin orbit splitting in mercury. The positions of the potential minima were 
roughly constant at 4 A. The calculated potentials thus bracket the ground state well - 
depth but have rather smaller values of a.  

So far, then, we-have a picture of fiie rather' similar kotentials originating with the 
3P2  states, partly as a result of the restriôtions of the ëorrelation diagram itself. 
Turning to the dynamics of the collisibn, the forces operating depend upon whether 

- mj  in a space fixed system or in a rotating system is a go9dquantum number. Thus for 
collisions of large impact parameter the coupling of electronic motion to the inter-
atomic motion is weak and the phase shifts depend only slightly on mj. That is, the 

- ' - adiabatic,,phase shifts (those calculated 'assuming rnj  a good quanturn•,number) are 
scramb1ed;, As the-impact parameter ,decreases' strong coupling ensueS,atfirst near 
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the turiiihg pbint: Finally, for'collisions of small impact parátheter,-,n in a rotating 
frame is a good quantum number..and the phase shift, functions are well .sepaiâted. 

The impact parameter at which coupling becomes important is determined by the 
splitting of the. adiabatic.potentials. --The dependence:of theo1afisability.7 of the 
3P2  state on Thj is less than 10 % of the mean value and i this presumably means a 
similarly small range of C 6  values Taking the range of C6  values to be given effect-
iely by 

LC6 4&6 	 (3) 

where &i is the range of well depths quoted above and applying 19  

- 	
1/5. 

b=(f) 

to determine the critical impact parameter for coupling, b, values ' 6 A are obtained 
with a relative velocity v-'6.6x 102  ms'. 

We thus adopt the following tentative picture. At small angles of scattering, the 
lack of coupling between the Hg*  mj  state and the passing atom results in a scrambling 
of the manifold of interatomic potentials to give one- effective potential curve. As b 
decreases, coupling ensues but the potentials, all belonging to quartet states, remain 
inherentlysimilar and the interference structure from them coincides. The observa-
tion of a weak structure of longer periodicity in a(0) shows that the deflection functions 
associated with the various adiabatic potentials can not diverge appreciably until near 
the minimum where the resulting interference structure from each state would be lost 
(see fig. 8) in the averaging over rn,.  

The observation of quantum structure also sets an upper limit on the size of the 

	

quenching cross section since both branches of the deflection function must be present 	-- - 

for this structure to be seen. In the absence of,a detailed potential fitS to the experi - 
mental data, it is not possible to give a precise value to this limit, but quenching is 
clearly not an important process for collisions with impact parameters > a and the 
total quenching cross section can hardly exceed 'gas kinetiè values. -  No other data on 
the absolute magnitude of'the quenching cross section for Hg 6 3P2  have been reported, - 	- - 
though Martin 20  has measured relative total cross sections for the intermultiplet- - 
process (d) with a wide range 'of gases; preliminary results 21  for excitation of the 
alkali metals are. not incompatible with a cross section of gas kinetic magnitude. 
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Preface. 

The ideas and methodology developed by nuclear physicists have recently had 
an important influence in chemistry. The use of a cross-section rather than a 
rate constant to characterize collision processes is now widespread and 
interest is increasingly directed to the detailed dynamics of molecular 
encounters rather than the overall kinetic mechanism. This, change in 
emphasis is reflected not only experimentally in new techniques but also in 
theoretical developments where the adaptation of scattering theory to 
chemically reactive collisions is an active field. 

The stimulus for this change in approach has been a surprisingly small 
amount of data obtained by the molecular beam technique. Progress has been 
limited both by experimental difficulties and the relative novelty to chemists 
of many of the techniques required. Although important experimental 
improvements are in prospect, these practical difficulties, rather than any lack 
of scientific interest, are likely to limit the application of molecular scattering 
methods. Nevertheless, where applicable, they provide a uniquely detailed 
insight into intermolecular forces and chemical reaction. 

Because of the importance of technical problems, we have thought it 
worthwhile to discuss experimental matters in some detail. Thus, Chapters 3, 
4 and 5 deal with molecular beam sources, selectors and detectors 
respectively. 

This book does not aim at anything like a comprehensive treatment of 
scattering; rather we have tried to provide an account of those ideas and 
results which will be of immediate use in interpreting the results of scattering 
experiments and which will illustrate the beam approach to chemical kinetics. 
Thus Chapters 2 and 6 are concerned with the classical and quantum theories 

vii 
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of elastic scattering, while Chapter 9 indicates, very much in outline the way 
in which these methods can be generalised to deal with more complex 
situations, such as energy transfer collisions. Finally in Chapters 7 and 8, the 
results of experimental work in elastic and reactive scattering, where the 
technique has made its greatest impact, are described - 

In writing this book we have attempted to provide a link between the twin 
streams of chemical kinetics and collision physics and so demonstrate the 
latter's utility in the chemical field. The level throughout would be roughly 
described as 'graduate physical chemist' and should be readable by a 
beginning graduate student. 

It is a pleasure to acknowledge the help of our colleague Dr Ala stair Rae in 
reading the manuscript and making numerous helpful suggestions, also Dr 
Roger Grice for similarly helpful comments on Chapter 8. Finally we thank 
our research and undergraduate students for their lively and critical interest in 
the preparation of this manuscript. 

Malcolm Fluendy 
Kenneth Lawley 

Edinburgh, 
May1972 
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CHAPTER ONE 

Introduction 

1.1 Molecular collisions in chemistry 

Collisions are fundamental to chemistry. Thus, chemical and thermal 
equilibrium are maintained by collisions, while the rates of chemical change, 
mass and energy transfer are all controlled by the frequency and detailed 
dynamics of molecular collisions. Yet in spite of their central place in 
chemistry, it is only in the last twelve years that a really concerted beginning 
has been made in the direct study of inter-molecular dynamics. By 
comparison, in physics, the field of particle scattering has been of major 
importance since the days of Rutherford, particularly in the study of nuclear 
and elementary particles. The principal theme of this book is that the 
application of conceptually similar scattering methods to chemical problems 
gives an insight into intermolecular dynamics that could not be obtained in 
any other way. 

A loose division between the interests of chemists and physicists in 
scattering can be made on energetic grounds. Most chemical processes such as 
bond rearrangement and ionization occur on impact with energies less than a 
few tens of electron volts. In distinction, the physics of fundamental particles 
extends through the GeV range. There has recently been a marked increase in 
interest in ion and electron scattering processes Occurring between I and 
100 eV and in this energy range the fields of chemistry and physics merge 
(J. B. Hasted, 1964; N. F. Mott and H. S. W. Massey 1965; H. S. W. Massey, 

1971). 
The objective of a large part of physical chemistry is the understanding of 

the macroscopic properties of matter in terms of the fundamental laws of 
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physics. Thus experiments are usually carried out on a bulk sampie of matter 
which is in thermal equilibrium with its surroundings. The Boltzmann 
distribution of molecules among the available states is assumed not to be 
disturbed and if the measured property, for example reaction rate, is a 

function of the quantum state of the molecule, only an ensemble average 
value can be obtained. Full interpretation of such measurements involves a 
statistical theory of the state of the sample as well as of the quantum 
mechanics of the isolated processes, e.g., of binary collision leading to 
reaction. 

By using molecular beam scattering techniques it is possible to select a 
single quantum state or range of states for measurement and to explore the 
dynamics of the molecular collision and the angular and energy dependence 
of the associated scattering. In this way direct molecular information can be 
obtained without recourse to rather inadequate theories relating molecular to 
non-equilibrium bulk properties. It will be worth outlining this technique 
now so that its application may be more clearly discussed. 

1.2 The beam technique 

Any molecular scattering experiment involves a molecular or atomic beam 
which is allowed to strike a target' in such a way that the results of the 
beam-target collisions can be monitored. A molecular beam is a well 
collimated stream of molecules moving through a high vacuum while the target 
may, consist of a small volume of gas, a solid surface or 'another molecular 
beam. The background pressure in the apparatus must be low enough so that 
molecular collisions with the beam are not so frequent as to destroy its 
collimation. The density of molecules in the beam or their velocity relative to 
each other must also be small enough to eliminate collisions between them 
and consequent broadening of the beam. Molecular' collisions"are now 
introduced in a controlled manner by inserting the target. 'For the moment 
we will consider the case of two crossed beams. 

A typical cross-beam experiment is shown schematically in Fig. 1 .1; in this 
example the detector is moved about a fixed scattering centre. The beams'are 
generated by effusion or continUum expansion 'from two 'Oven' sources and 
are directed 'at 'right angles to each' other (orthogonality is not a necessary 
requirement, but simplifies analysis of the results). The beams are'èollimated 
by narrow knife-edge slits and may be velocity selected by mechanical or,' in 
the case of paramagnetic species, magnetic devices so that only a narrow band 
of velocities is 'transmitted. These devices are described more fully in 
Chapter 4. The detector, the subject of Chapter 5, presents only a small 
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Fig. 1.1 Schematic of a basic beam experiment. 
According to the aims of any particular 
experiment, some or all of the quantum state or 
velocity selectors may be omitted. 

effective area to the scattering centre and usually functions as an ionization 
device converting the molecular flux to an electric current. 

As the detector is moved around the scattering centre the intensity of 
scattered particles is measured as a function of deflection angle, defined by 
reference to one of the beams. The scattering.causedb,y the target or cross 
beam is differentiated from that due to the background pressure by 
comparing signals with the cross-beam alternately on and off. The measure-
ment at each angle takes from a few seconds to many minutes depending 
upon the strength of the signal. This basic measurement of intensity versus 
angle is then repeated over a wide range of collision velocities and internal 
states of the collision partners. 

It is important even at this eariy  stage in the discussion to form some idea 
of the intensities and magnitudes of signal that can be expected since the 
technique is always likely to be limited by these experimental constraints. 

For an effusive source*  we might typically expect to form a beam 10 mm 
tall, 0.05 mm wide at a distance of I m from the source with a flux there of 

5 x 10' mol s m. This intensity falls off as the squareof the distance 
from the source. Thus a detector with an effective area of 1 mm 2  would 

* As will be seen in Chapter 3 more intense beams can be generated by 
working under conditions of hydrodynamic flow. 
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collect 5 x 101 Ii 

mol s' and if it ionized the beam with unit efficiency 
would yield a current of about 10 A. Such'currents are readilymeasurable 
and with , an ionization efficiency of 10 , as for example in a mass 
spectrometer detector, the resulting currents are, still adequate. Even the 
additional introduction of a velocity selector which may reduce the beam 
intensity to 1 per cent or less of its original intensity,' equivalent to a current 
of iO - ' A, presents no great problems. There is thus no difficulty in 
detecting a single molecular beam, even using a detector that registers only 
one ion for 1 04 

neutral molecules. Unfortunately the detection of a scattered 
beam is much more difficUlt. 

Consider' an experiment in which two beams intersect'. The' number of 
collisions occurring in their intersection region of volume V is: 

FAFB 
ZAB 	VvABO  

VAVB 

where FA and FB are the fluxes of, the two beams in mol sn 2 , VA and 
VB are their velocities and VAB  the relative velocity (VAB = (v + V)1/'2 for 
beams meeting at right angles). a is the cross-section representing in terms of 
an effective area the probability of collisions removing molecules from the 
beam. This quantity will be defined more closely later; suffice it to say that 
for typical molecular systems a is of the .order 500 A 2  for the sum of all 
processes that can remove molecules' from the' beam, ie., a is the total 
cross-section. For specific results of a collision, e.g., chemical rea'ction, the 
effective cross-section will be 'much srnller, varying downwards without 
limit. 

For two 'standard' beams' colliding' at a distance of 100 mm from their 
respective sources in a collision volume oflO x.0.05 2  = 2.5 x 10 2  mm 3  and 
with velocities of 5 x 10 3  m s' , i.e., in the thermal energy range: 

5x10'8 	5x1018 ' 
ZAB 	 x 	x 2.5 X 10 -2  x 10 x 7 x 10 3  x 5 x 10_I 8 

'9'x io collisions s. 

If the scattered molecules' are evenly smeared out over all angles in the 
laboratory' then the, number of particles per second striking a detector 
subtending a solid angle 0d  to the scattering centre is: 

Ndetector  
Od 

 7 ZAB S 	 (1.2) 
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Thus a detector 5 mm tall and 0.2 mm wide located 100 mm from the 
scattering centre will receive about 7 particles per second - an ion current of 

10_ I  A even with unit ionization efficiency - a very low flux indeed that 

can only be measured by using particle counting methods and even then only 

if the noise or background is sufficiently small. 
In practice the scattered material is not distributed evenly over 47T sr but is 

strongly peaked near the undeflected beam, i.e., small angles of deflection 
predominate. Scattering is more intense and so more easily measure4 in this 
region than our simple calculation would suggest, though correspondingly 

more difficult at wide angles. 
It is also instructive to compare the number density in a 'standard beam' 

(F/v 10' 5  m 3  at 0.1 in from the beam source) with that due to the 

background gas or contamination in our apparatus. A typical 'good'. 

laboratory vacuum of 10 1  Torr corresponds to 10 15  mol m 3  so that the 

'vacuum' is as dense as our primary beam and many times more so than the 
scattered material. As a consequence the number of particles scattered from 
the background molecules is much greater than that scattered from the target 
coss-beam, since the path length through the apparatus is many times the 
thickness of the target. It is clear then that scattering experiments present 
some considerable difficulties with respect to the intensity of the particle 
fluxes that must be detected, particularly since the background particle 

densities are so high. 
Here is perhaps the reason that scattering methods are a relatively new 

development in the study of molecular collisions, since high pumping speeds 
permitting the attainment of pressure in the range 10 to iO Torr have 

only recently become available. 

1.3 The field of application for beam techniques 

Beam methods in chemistry have so far been used to study intermolecular 
forces, bimolecular reactions and, by single beam techniques, some electric 
and magnetic properties of isolated molecules. A beginning has also been made 
in investigating internal energy transfer accompanying bimolecular collisions. 

We first briefly compare the beam and conventional methods of measuring 
intermolecular forces, which has been one of the important fields of physical 
chemistry and chemical physics for several decades. Certain .characteristic 
advantages and disadvantages of beam methods will emerge that recur 
wherever these techniques are •used. Conventional and beam methods of 
measuring reaction cross-sections will then be outlined to illustrate the new 

approach of the beam method. 
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The measurement of the second virial coefficient can be taken as 
representative of conventional methods for determining intermolecular forces 
(Hirschfelder et al., 1964). It is a bulk property, derived from the gas 
compressibility and is a function of temperature, B(T). The relationship 
between B(T) and the intermolecular potential V(R) of spherical molecules 
is: 

B(T)2irN $(1 —exp(—V(R)/kflR 2 clj?. 	(1.3) 
o 

where N is Avogadro's number and k Boltzmann's constant. B(T) is in general 
a smoothly varying function of T. It has not proved possible to obtain the 
functional form of V(R) by an analysis of the temperature dependence of 
B(T), the temperature range required for inversion of the data is so wide as to 
preclude experimental observations over the whole range (and in any case 
such inversions are unique only for monotonic potentials). If a particular 
functional form for V(R) is assumed, with three or four adjustable 
parameters, then values for these parameters can be found which fit the 
observed values of B over a temperature range of perhaps 2000. The 
experimental method requires careful attention to technique, is subject to 
systematic errors and the results are generally only reliable for nearly perfect 
(i.e. nonpolar) gases. 

The molecular beam approach makes use of the fact that collision 
dynamics are determined by the intermolecular potential.. In particular, the 
angle of deflection in a binary collision is a function of the relative kinetic 
energy, the relative angular momentum and V(R). In a typical beam 
experiment designed to investigate the intermolecular potential between two 
dissimilar molecules A and B, a beam of A molecules whose velocity has been 
selected to lie in a narrow range about 0A is drossed with a beam of B 
molecules moving with the velocity v 8 . The beam intensities will be 
sufficiently low so that any beam molecule passing through the collision zone 
undergoes either no collision or collides only once with a molecule ftom the 
other beam. A detector is then scanned round the scattering centre and the 
intensity of scattered particles (it is probably necessary here to distinguish 
between species A and B) is recorded as a function of deflection angle 
measured from the direction of the parent beam. Surprisingly complicated 
scattering patterns are obtainec. in this way. Part of the struëture is due to the 
fact that intermolecular potentials are not monotonic functions, additional 
peaks are interference effects resulting from the wave-like nature of. the 
colliding particles and further complications are introduced by the fact that 
measurements are made in a laboratory system of co-ordinates rather than in 
a frame moving with the centre of mass of a particle pair. . . . 
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In addition to this angular pattern the attenuation of either beam as a 
result of scattering by the other can be measured. As in the scattering or 
absorption of light, the logarithm of the attenuation of the beam intensity 

ln(io /I), is proportional to a quantity a having the dimension of area and 
designated the total cross-section for photon/particle or particle/particle 

scattering i.e.: 

ln(I/)/I(A))=nBa1 	 (14) 

where nB is the number density of target molecules in the collision region of 

length 1. This relationship is based upon the conservation of particles. 
If this attenuation measurement is repeated over a range of velocities of 

beam A, flBG as a function of VA will be obtained and if n B  is held constant, 

or measured, the velocity dependence of a itself is found. We will show in 
Chapter 7 that a is given by the following expression for a monotonic 

potential, V= CS R_ S  (N. F. Mott and H. S. W. Massey, 1965): 

kv
2/(s-1) 	 -

a(v)f 	
) 	

(1.5) 

	

wheref = 8.083 for s = 6 Thus, even if 	is not known, a plot of In a vs. 

In v yields s directly while if n B  and hence a is known absolutely C can be 

found. If the potential is not monotonic the above result holds only at very 

low and very high energies where s is given a value appropriate to long and 

short range parts of the potential respectively. 
An effect common in beam work is found in the relative velocity 

distribution if the velocity of the beam molecules is not selected, and they 

sinply effuse from an oven at temperature T. The velocity distribution in 

either beam is now v 3  Maxwellian, i.e., the probability of finding a molecule, 

mass m, with speed between v and v + dV is: 

P(v, 7') dv = - (m/kT) 2  v 3  exp(—mv2  /2kT) dv 	(1.6) 

Taking the two beam particles and the oven temperature to be identical and 

using the result: 

	

2 _2 	2 VAR - VA + V8 

for the relative velocity, VAB, of two beam particles (A) and (B) moving at 

right angles, one obtains: 
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P(VAB; 7) = (m/kfl 4 viB exp(—mv 8/2k7) 	(1.7) 

A considerable sharpening of the relative velocity distribution is evident. The 
total cross-section deduced.from the beam attenuation is then: 

a(7') = 
	O(VAB)P(UAB, T)dVAB 	 (1.8) 

Since we cannot be surethat the potential is effectively monotonic over the 
whole range of VAB in the integration, a much more complicated expression 
than (1.5) for a(v) as a function of the intermolecular potential parameters 
must in general be used. The important point is that the unfolding of a(7) to 
give c(v) by Equation 1.8 is then almost as difficult as unfolding B(T) to give 
V(R) directly and illustrates the general rule that beam methods only achieve 
their full power when some velocity selection is used. It might seem from 
Equation 1.7 that a v 7  Maxwellian distribution is near enough a delta 
function for velocity selection to be unnecessary. However, it will emerge on 
closer examination of the problem that not only the magnitude but also the 
direction of the relative velocity must be closely defined if meaningful 
differential and total cross-sections are to be measured, and this is only 
poorly defined in unselected crossed thermal beams. 

If part of the angular scattering pattern is observed, although the 
relationship between this pattern and the intermolecular potential is far more 
complicated than Equation 1.5, the structure in favourable cases is 
sufficiently detailed for an unambiguous assignment of three parameters in 
V(R) to be made directly without recourse to statistical methods of 
fitting. It will emerge that, at any one energy, various features of the 
scattering pattern can often be associated with different parts of the 
potential. 

We now turn to the second major application of beam techniques, the 
investigation of bimolecular reactions. Apart from a few special techniques 
the kinetics of chemical reactions have hitherto been investigated by mixing 
the reactants in a time, short compared with some time constant of the 
reaction, and sampling the mixture of appropriate intervals thereafter. It 
often requires considerable ingenuity to separate the effects of various corn-
peting reactions, but having done this the bi- and uni-molecular rate constants 
of each elementary reaction can be obtained. The temperature dependence of 
the bimolecular rate constant, kAB(7), gives the activation energy and 
pre-exponential factor. This is generally the limit of the information that can 
be extracted from bulk kinetic data. 

Rate constants are directly useful in that with their aid the most probable 



Introduction 

path of a complicated many step reaction can be determined and interesting 
correlations made with other molecular properties. They are not, however, 
the most fundamental pieces of information about a reactive molecular 
encounter; more detailed questions can be asked such as, 'what is the 
probability of reaction when two reactant molecules collide with given 
relative angular momentum, kinetic energy and specified internal quantum 
states? Furthermore, how does this probability of reaction vary with the 
quantum states of the products and the angle through which they are 
scattered?' When such detailed questions are asked, either very fast 
spectroscopic methods of analysis have to be used, or the actual kinematics of 
reactive collisions investigated. In the former class are the methods of flash 
photolysis and the study of chemiluminescence but, important as these 
techniques are, neither provides a complete answer to the questions asked 
above, if only because the state of the reactants is not controlled. Difficult 
though these answers may be to obtain - and there are perhaps only two or 
three reactions for which nearly complete iiiformation is available - reaction 
probabilities between specified quantum states and into specified solid angles 
do provide the most detailed information possible about potential energy 
surfaces in reacting systems. 

A somewhat idealized molecular beam experiment to investigate the 
reaction between species A and 'B would be along the following lines. Two 
beams, one of each kind of molecule, are prepared and allowed to intersect in 
a high vacuum. Ideally, both beams are velocity and state selected. A detector 

sensitive to the required product molecule C is then scanned round the point 
of intersection of the beams and in this rather painstaking way the intensity 
of scattered C molecules is mapped out. In the ultimate experiment the 
detector would be sensitive only to a particular quantum state of C. In order 
to interpret such data, it is useful to define the reaction cross-section for the 

process: 

A(VA)+B(PB) 	C(r)+D(v) 	 (1.9) 

at a relative velocity v of the reactants; the v 1  stand collectively for the set of 
quantum numbers needed to specify the state of the species present. The 
definition is best given in practical terms at this point: 

total number of C molcules emerging per second in state vc 
= 	a(v, PB, PC, v; v) x number of A molecules in the scattering 

VD 
volume x mean density of B molecules in the scattering 
volume x relative molecular velocity. 
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The scattering volume is simply that volume defined by the intersection of 
the two beams, and the density of particles in a beam is the flux per unit 
velocity. It will be recognized that this definition parallels that of the gas 
kinetic cross-section in the elementary theory of hard sphere gases(R. D. 

Present, 1958); a would then be the cross-section for collision. A verysimilar 
definition holds for the experimentally simpler case of a beam of Amolecules 

passing through a static gas of B molecules. The reaction volume would then 
be the product of the beam cross-section area and the path length of the 
beam through the gas. 

Returning to our hypothetical scattering experiment, the flux of C 
molecules integrated over all scattering angles yields U(VA, VB z.'; v) 
after suitable normalization. The bimolecular rate constant is related to a(v) 
thus: 

k(vA, VB, 7) 	 (v) v 3  exp (—PABv2 
1'C. 'D 	

12kT) dv 	(1.10) 

k(T)c 	k(v, B, T)exp( -4EVA)+E(VB)]/kT) 
'AVB 

where it has been assumed that a Maxwellian distribution of velocities hblds 
in the reacting mixture (PAB is the reduced mass of the pair A..B, see Section 
2.1 and the partition functions in the Boltzmann weighting of the initial 
states have been omitted for simplicity). Once again the energy dependence 
of the quantity measured in the beam experiment is replaced by the 
temperature dependence of a property, k(fl, measured in thermal equi-
librium with a heat bath. In deciding which is the more useful quantity, k(T) 
or a(v), from the point of view of the theorist, it thould be remembered that 
transition state theory and allied phase space theories give k(T) directly, 
whereas purely quantum or classical theories that consider one collision at a 
time give a(v) and its angular dependence. Reaction cross-sections do have 
other advantages in that they obey microscopic reversibility which sometimes 
enables rather inaccessible cross-sections to be deduced. 

It has already been hinted that the full dependence of cross-sections on 
the quantum states of reactants and products has so far eluded measurement 
and that some averaging, especially over initial rotational states, is almost 
always present. However, it is important not to lose sight of the most 
important advantages of the beam methodwhich are that a single step in a 
reaction is isolated and that the rapid separation of the products after 
collision freezes the population of the final states. A unique feature of the 
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beam method arising from this is that the angular distribution of products 

eiiierging from the collision can be measured. This information is a sensitive 
probe of the kinematics of the reaction. In fact, it will emerge that angular 
distributions are just as interesting as the energy dependence of reaction 
cross-sections. 

Rate constants will not feature prominently in this book but before 
leaving them- it is worth noting that although k(T) can in principle be 

unfolded via Equation 1.1 0 to obtain u(v) if a sufficiently wide temperature 

range is available, it will in practice be almost impossible to achieve this range. 
The difficulties in extracting reaction probabilities as a function of the 
relative energy from k(T) can be illustrated by the following simplified 

example. Suppose a(v) is a single step function of v, then suppressing the v,, 

u(u)0, 	0< v < v * 
(1.11) 

	

a(v)a*, 	V*<O<oo 

( v * = ,/E*/p, where E*  is the activation energy) - 

then, k(fl is readily found by integrating Equation 1.10 to be of the 

	

Arrhenius form when kT << E* 	 - - 

( L-) '3 ( 2  Y/2 2E * 

p 
(1.12) 

Now suppose that the single step function Equation 1.11 is replaced by a 
double step function, u' increasing by a factorf at E, i.e. in addition: 

	

o(v)=fu*, 	v>\/2E'/p. 	 (1.13) 

Upon evaluating the integral in Equation 1.10 again, k(7) is found to be: 

( p )  

(

/2\i 2kT 
-) 

—i- E' exp(—E?/kT) 

	

k(T)a* kT 
	jr, 	p 

{1 + 

E' 
(f—l)exp(— [E_Efl/kfl}. 	( 1.14) 

Unless measurements are carried out in the temperature range kT —E' - E, 
it will be very difficult to detect the presence of the second step, and this 
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condition would clearly be very difficult to fulfil if E 	E?, since it is also 
necessary to maintain the ratio E'/kT, to a value at which reaction with a 
measurable rate actually occurs. Using beam techniques, on the other hand, it 
is only necessary to ensure that the energy resolution is smaller than E - Ef' 
and that beam energies can be obtained to scan across both E? and E. 

Perhaps a second example from reaction kinetics is. not out of place. 
Suppose it is required to differentiate between the following two hypo. 
thetical energy dependences of the reaction cross-section, the distinction 
having important theoretical implications: 

model(1) 

model(2) 	a(E)=.cr*E*/F 	 (1.15) 

the cross-section .being zero for E < E* in both cases. The bimolecular rate 
constant can readily be calculated for the two cases as: 

(1) k 1  x g*(E* + kT/2)(kT) exp (_E*/kT) 
(1.16) 

(2) k 2  a a*E*(kT) -1/2 exp (_E*/kT) 

This functional difference would be very difficult to detect unless the rate 
constant were measured over a wide range of. temperature in the region 
kT>> E*. To use the beam method to distinguish between the cases in 
Equation (1.15) a smaller energy range is necessary. The only requirement is 
that the relative energy of the beam particles must be greater than the 
activation energy and one, of the beams can remain thermally cold. The great 
advantage of the beam technique in this type of measurement lies in its 
ability to achieve a comparatively narrow distribution of velocities about the 
high velocity of interest. In contrast, in the bulk experiment, the population 
at high velocities can only be increased by raising the temperature and hence 
at the same time broadening the velocity distribution. 

The use of molecular beam methods to measure the magnetic or electric 
dipole moment of molecules or atoms has already been mentioned. In these 
experiments, the molecules isolated in the beam interact with laboratory 
magnetic or electric fields which serve to focus particles with a selected 
effective dipole moment on to a detector. In this way extremely accurate 
determinations of the dipole moment associated with particular quantum 

• states may be made. Thus these measurements compare with bulk values for 
the dipole moment, in the same way as reactive cross-sections for specific 

• • quantum states compare with bulk rate constants. 
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It is again characteristic of beam methods that the formulae for the 
deflection of a molecule in an applied field, or for the focal length of a beam 
focusing device involve the molecular parameters and the speed of the 
molecule. In contrast, the interpretation of bulk properties such as dielectric 
polarization involves the temperature of the sample. 

In this book we are primarily concerned with collision processes and 
although much of the technique is common to both fields we will not discuss 
beam spectroscopic measurements further. A number of excellent works may 
be referred to for further details (N. F. Ramsey, 1956;K. F. Smith, 1955). 



CHAPTER TWO 

The classical MechanIcs of Molecular 
Scattering 

2.1 Classical mechanics of two-body collisions 

As is well known, the transport and equilibrium properties of gases can be 
treated successfully by classical mechanics, quantum effects appearing only in 
the properties of individual molecules. The quantum corrections to bulk 
behaviour are. normally important only for light gases at vety low 
temperatures. In contrast, scattering experiments are a much more delicate 
tool for observing two-body interactions and we will see later that quantum 
mechanics plays an essential part in many scattering effects. Nevertheless, 
classical mechanics is capable of illuminating the outline of the subject and 
provides a vital conceptual frame in which to introduce the underlying ideas 
and language. The elementary theory will now be summarized and further 
details can be found in H. Goldstein, 1964; L. D. Landau and E. M. 
Lifschitz, 1960. 

It was found in Section 1.2. that the primary information to come from a 
crossed beam scattering experiment, is the fraction of the incident beam flux, 
N/N 0 , that results in scattering into a specified solid angle. If we take this 

solid angle to be the infinitesimal dw, we are interested in the relationship 
between d(N/N o )/dw and the intermolecular potential. In this chapter we 
shall consider the simplest possible situation: that in which the particles are 
structureless and interact by a central conservative force. No energy can then 

be exchanged between the relative motion of the particles and any internal 
modes; collisions of this type are called elastic. In distinction, inelastic 
collisions involve the transfer of energy from or to internal modes while in 
reactive collisions chemical bonds are made or broken. This present 

14 
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restriction to elastic collisions is less severethan might at first seem, because 
such collisions normally predominate in a scattering experiment. 

The force between structureless particles interacting by a central potential 
(in the absence of any external field) depends only on their distance apart; it 
does not depend on their absolute position in space. We thus replace the 

vector positionsofthe two particles RA and R, defIned with respect to a 

fixed origin in the laboratory, by their relative position vector RAB = 

RAC—RBC and by R cm  the position of the centre of mass of the two 

particles (Fig. 2.1). Since the potential energy of the system depends only on 

RA B and not at all 011 R cm  the motion of the centre of mass is unaccelerated 
and does not contribute to the chemistry. Thus we need only consider the 
particles' relative mtion, though as we thall see later the motion of the 
centre of mass may profoundly affect the appearance of scattering in the 

laboratory. 
Working in these relative or centre of mass co-ordinatei reduces the 

problem to that of a single pirticle of mass i  moving about a fixed centre of 

force. We may write the energy as 

• 	L 2  
E=—RiB+---j +V(RAB) 	 (2.1) 

2 	2LRAB 

A'. 

B 
Re 

Fig. 2.1 Position vector diagram foi two particles 
A and B colliding. The centre of mass position 
vector, R c m, divides the relative position 'ector 
RA B. in the inverse ratio of the masses of ,  A and B 
and the centre of mass is at cm. 
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and the orbital angular momentum as: 

LPRBX 	 (2.2) 

where 4u is the reduced mass, mAmB/(mA + mB),and x is the angle between 
the relative velocity vector RAB and an initial beam direction RA or RB. 

Since there are no angle dependent terms in the potential, no couple can 
act on the system and the angular momentum in conserved. Thus the motion 
is confined to the plane defined by RA and RB. 

The radialvelocity and hence dx/dRB  follows from Equations 2.1 and 2.2: 

L 2 	'1 1 2 

RAB=±(E_ 	_V(R))j 	 (2.3) 
'11  

d 	L 	21 	V 
2 ( 

dRAB 	PRB 	
- VRAB)} 	. '(2.4) 

The sum of the true potential V(RA B) and the centrifugal term L 2  /2.zR B 
is known as the effective potential. Depending on the precise form of V(R) 
there may be one or more classical turning points of the motion corre-
sponding to the zeros of Equation 2.3 where the radial velocity is zero. If 
several turning points exist these will be separated by classically forbidden 
regions. Thus, classically, a pair of particles approaching from infinity can 
penetrate only as far as the outermost turning point (Figs. 2.2, 2.3). 

Fig. 2.2 The trajectories of two particles colliding under the influence 
of a central force, displayed with the centre of mass fixed at C. The 
angle of deflection is X(b) and the distance of closest approach is 
R(0). For the case illustrated, m A > mB. 
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Fig. 2.3 A family of effective potential curves 
for the Lennard-Jones potential Equation (2.12). 
The reduced energy Veff/E is plotted against the 
reduced separation Rio and the results for a 
range of reduced impact parameters b/cJ are 
shown. A particle incident with reduced energy 
Et, b* = 1 will approach to a distance Rt  and 
the classidally allowed region between Rt and 
R f will be inaccessible. At an incident energy 
E, the two particles go into orbit with radius 
Re when the impact parameter is l5. At E no 
orbiting is possible at any impact parameter and 
the distance of closest approach decreases 
smoothly with b. - 

C- . 
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Equations 2.3 and 2.4 can be integrated' 'to yield RAB(t) and x(RAB). 
Before doing so we adopt the convention that the collision starts at RAB = 
t = —oo and the turning point is reached at t = 0. RA, is negative until the 
turning point (R = R(0)) and then positive, the two branches (the roots of 
Equations 2.3 or 2.4) joining smoothly at t = 0. We now change the 
representation of X(t = oo) to x(b) in order to show the parametric 
dependence of the asymptotic angle of deflection on the impact parameter. 
The' form of (b) can be seen in Fig. 2.5. The impact parameter b is defined 
as the perpendicular distance apart of the two asymptotic lines of approach 
and is related to the orbital angular momentum and the asymptotic velocity, 
v=vE7by: 

L =pvb 
	

(2.5) 

On integrating Equation 2.4,we can obtain x(°°),  the total deflection, as: 

LdR 
	

L ' 2)] '  
x(E,L)=-2 

fRc 
R2[2P(E_ V(R)— 	

(2.6) 

where the subscript AB on RAB has been dropped and where,a negative sign 
for x(°°)  indicates an overall bending of the trajectoiy towards the target. The 
only result of these elastic encounters is thus to rotate RAB and, as we shall 
see in Section 2.4, to transfer some kinetic energy between the two particles. 
Various qualitative conclusions and approximations will be extracted from 
Equation 2.6 but for most potentials the integration cannot be performed 
analytically. Tables of the deflection function, x(b), will be found in J. 0. 
Hirschfelder et al., 1964 for the Lennard-Jones potential. 

Alihough beams in the laboratory can be made extremely narrow, there 
will be no selection of impact parameters on a molecular scale. If we examine 
a large number of collisions we find that the impact parameters are randomly 
distributed over a plane normal to the relative velocity 'that is virtually 
infinite in extent compared with atomic dimensions. To compare our classical 
calculations with experiment we must therefore first calculate the deflection 
as a function of impact parameter, denoted by x(b), and thei-weight each 
deflection or transition probability by the probability of finding that value of 
b for the impact parameter in our random distribution of collisions. From 
Fig. 2.4 bearing in mind that the trajectories are uniformly distributed across 
the incident plane 'on the left, the probability of a given collision occurring 
with an impact parameter between b and b + db is proportioflal to the area of 
the first shaded ring, 27rbdb. The conservation of particles can be applied to 
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db 

Fig. 2.4 Particles incident in the annular region between b and 
b + db emerge through the shaded strip between an angle x 
and X + dx. The target molecule is at 0 and the scattered flux 
is mapped over a large sphere radius R, centered at 0. 

the general collision with the aid of Fig. 2.4 to yield the result that all the 
particles which enter the collision zone with impact parameters between b 

and db must emerge into the solid angle dw subtended by the shaded strip 
lying between x and  x + dx. The emerging particles are counted a distance R 
away from the scattering centre where R is sufficiently large for the 
intermolecular force to be negligible and, the trajectories are again straight 
lines. The number of particles crossing the shaded strip at R per second is 

then: 

dn = x 21th I db I 	 (2.7) 

where 10  is the incident flux and we assume a unique relationship between x 
and b. We define the differential cross-section a(X) for elastic scattering from 

a single target molecule as: 

number of molecules scattered into solid angle I 
dw per second 	 I 

I - (2.8) 
incident flux 	 I 
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u(x) has the dimensions of area and a()dw isthe effective area presented by 
the target molecule for scattering throughan angle between x and  x + d. If the 
potential is independent ol the azimuthal angle 0,  molecules entering the 
collision with angles between 0  and 0 + dØ leave with the same angle and so 
the flux is uniform around the 'exit' strip in Fig. 2.4 and we can' proceed with 
considering the fate of the whole bundleof trajectories lying initially between 
b and b + db. Introducing the expression for the solid angle dcc, 

dw2irsin X I dx I 	 (2.9) 

and dn from Equation 2.7,into Equation 2.8 gives: 

u(x) = b/(sin x I dx/db I). 	 (2.10) 

Disregarding the possibility of divergence of this expression we can also 
define a total elastic cross-section by integrating a(x) over the surface of the 
macroscopic sphere traversed by the detector: 

iT  

GOb1 =L: '0()sin xdxd0 = 2 	sin xdx.  

Utotal is now a measure of the probability of molecules 'being scattered from 
the beam, i.e., of its attenuation. Other more specialized cross-sections may 
be defined for particular processes; thus, for a change in quantum state of the 
system from v 1  to v1 , the total cross section (referred, as always, to a single 
target molecule) is defined as: 

I ' ' 

number of collisions per second in which v -+ 
OVi 

 
/ 

incident intensity in state i 

We now look more closely at the elastic deflection function x(b). 
Qualitatively, two very different cases can 'be distinguished according to 
whether the' potential V(R) is monotonic or whether it possesses extrema. 
The Coulomb potential is animportant example of the former type, but 
intermolecular potential potentials generally exhibit one 'minimum. Inter-, 
molecular potentials are often parametriied in the Lennard-Jones (12:6) 
form:  

V(R)=4è{(a1R)' 2  —(ci1R) 6 } 	 '(2.12) 
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where e is the well depth and a the position of the inner zero Of the potential. 
Returning to the deflection function and noting that: 

bdR 

JbR(l_bI')' 

	
7t/2 	 (2.13) 

we can see from Equation 2.6 that positive monotonic potentials (purely 
repulsive), for which R > b, lead to positive angles Of deflection while purely 
attractive potentials (for which R <b) lead to negative angles of deflection. 
For potentials with both attractive and repulsive regions the angle of 
deflection changes from ñegàtive to positive as the impact pârarnêter 
decreasé: The minimum valüé of the angle of deflection is called the rainbow 
angle, although the optical analogy is not perfect. A typical family of 
deflection curves for a bipolar potential is shown in Fig. 2.5 fora range of 
incident energies. An important qualitative feature emerges from an inspec-
tion of these curves. As the collision energy F decreases the rainbow angle 
moves to larger impact parameters and at the same tinie becomes more 
negative until at critical energy E  the deflection anlè reaches -°°, this 
behaviour persisting at all lower energies. Physically the two colliding 
particles have gone into orbit about their (moving) centre of gravity and a 
clasical1y bound stats has been formed. For a simple bipolar potential 
orbiting and the rainbow effect ëannot Occur at the same energy. The relation 
of these types of motion to the impact energy and impact parameter (or 
angular momentum) is shown in Fig. 2.6. In this figure the behaviOur at each 
combination of reduced energ' and angular momentum is plotted. Thus the 
leftmost 'line of zero deflection' is the locus of those values of L* and  E* 

which result in a net zero deflection after collision. 
To proceed futhéF with the evaluation Of the deflectiOli integral, Equation 

.6, it is conveniéñt to cast the intermolecular potential function into a 
dimensionless form. The reduction parameters required are a length and an 
energy. We take the energy paranieter to be the well depth e and measure 
distances in terms df the radial ditancè to the inner zero of the potential, a. 
The expression for the Lennard-Jones potential then becomes: 

V*(R*)=4{R* 2  _R* 6 } 	 (2.14) 

where 

R * = R/a 

V* = V/c 
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• Fig. 2.5 The classical deflection function X(b*) vs: impact parameter b* 
for a Lennard-Jones potential at various reduced well depths. The case 
e/E = 1.25 shows orbiting, the minima in the • other cases are the 
rainbow angles. • - 

and,below 

E*=E/e. 

The deflection function expression is now: 

• 	 • 	E* 1"2b*dR* 	• 

X(b*)=lr_2f 

	

. 
-- • 	 b *2 	 (215) 

RC* 
R* 2  {E*(1_) _4(R*2  _R*)}: 	• 
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Fig. 2.6 Topology of classical scattering from a Lennard-Jones (12:6) 
potential. Tracing the deflection x  for a chosen value of E* along the 
appropriate horizontal line; x  starts from the left with the value ir at 
L * = 0, and falls monotonically to zero at the line of zero deflection and 
is negative (net attraction) to the right of this line. x  approaches either 

if the orbiting line is crossed or a finite minimum, the rainbow angle, 
if the rainbow line is crossed. Thereafter x  approaches zero as L * - 00 

The changing form of V'ff is also conveyed pictorially on the 
diagram. In the shaded region there are three classical turning points. 

(Reproduced from K. W. Ford and J. A. Wheeler, 1959). 

The rainbow angle at a fixed energy with variable e and a depends only on € 
as can be seen by the following argument; the rainbow angle is characterized 
by: 

axl3b*=0, 	i.e., 	F(E*,br*)0. 	(2.16) 

where F(E*,  b') is a cumbersome expression of the reduced energy and 
impact parameter not needed explicitly. If, now, E*  is assigned a value, b 
can be found from Equation 2.16 and this value substituted into Equation 
2.15 to give the rainbow angle without a knowledge of a being necessary. 

It emerges from a detailed consideration of Equations 2.15 and 2.16 that 
the reduced distance of closest approach associated with the rainbow angle 
is largely independent of the energy until close to the onset of orbiting. 



24 	 Ghemicàl Applications of Molecular Beam Scattering 

Table 2.1 

c/E 	Xr (radians) 	— x,..E/e 	R e /a 

0.02 —4.089 x 10 -2  2.044 1.20 
0.05 —1.026x-10' 2.052 1.20 
0.10 —2.066 x 10-1 2.066 1.21 
0.20 —4.202 x 10 2.101 1.21 
0.50 —1.140 2.281 1.22 
0.80 —2.129 2.661 - 	 1.24 
1.00 —3.237 3.237 1.25 

This is exemplified in Table 2.1 where X, c/E and R are listed. The latter is 
almost constant for small e' at a value of R 1.2, which corresponds to a 
turning point in the region of maximum negative slope of the potential, and 
stated in this form the result holds for other potential forms than the 
Lennard-Jones (12:6). 
The conditions for orbiting are that the radial acceleration and radial velocity 
must simultaneously be zero, i.e., from Equation 23: 

E*(l _b*2 /R 2 )_ V*(R)=0 
and 

2E'*b*2/R*3 (aV 
 	

=0. 	 (2.17) 
RR 

For the Lennard-Jones potential it can be shown that the maximum value of 
E* for which orbiting can occur is 0.8. At impact energies above this value 
rainbow scattering will replace orbiting. From the conditions in Equation 
2.17, the orbiting radius under the influence of a Lennard-Jones potential 
(12 :6) is: 

R= 1.308(1 —Jl _5E*/4)'6. 	 (2.18) 

Inspection of Equation 2.18 indicates that Re is only a very insensitive 
function of the reduced energy E* and for energies not too close to zero is 

given by R 1.3, which merges into the value 1.2 as the rainbow 
phenomenon replaces orbiting. 

2.2 Classical scattering cross-sections 

Having examined the behaviour of x(b) for a typical bipolar potential, we 
must now consider its relation to the classical differential cross-section a(x). 
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The general form of this relation has already been given in Equation 2.10. It 
is important to note that although the deflection function x(b) can have 
values ranging from +ir (direct back scattering) to -00  (orbiting), a(x) is only 
defined for the range 0 - ir. A moment's thought will show that positive and 
negative deflection are indistinguishable in the laboratory since on the 
molecular scale it is impossible to tell whether the trajectory passed to the 
left or right of the target molecule. Both positive and negative deflections as 
well as those with x> ir are therefore mapped on to the range 0 - ir in the 
differential cross-section.t 

From Equation 2.10 it is apparent that a singularity will occur in a(x) 
when I dx/db I = 0, i.e., at the extremum in the deflection function or 
rainbow angle. a(x)  can also rise to infinity if sin x in the denominator of 
Equation 2.10 passes through zero while b is non-zero. Such a peak in the 
cross-section is called a forward or backward glory depending upon whether 
the deflection function is an even or odd multiple of ir. The product sin xu(x) 
when x -+ 0, nir does not exhibit this effect, but still diverges at the rainbow 
angle. 

The rainbow phenomenon is frequently observed in molecular scattering 
and is of key importance in extracting an intermolecular potential from the 
observed scattering pattern. However, the finite energy spread in the beams 
and, less trivially, quantum effects, remove the divergence in a(x).  Never-
theless, a pronounced maximum in the scattered intensity can often be 
observed with modest velocity selection. 

The classical behaviour of u(x) near  Xr  can be investigated in more detail 
by approximating the x(b) curve near b = b,. by a parabola having the same 
curvature at the minimum: 

x(b) = X, + q(b - br)2 	 (2.19) 

so that: 

dX 
(2.20) 

db 

Then, the differential cross-section becomes: 

a(x) br/(2sinx q'/2  I X - Xr I ), 	 (2.21) 

t We shall see later that for indistinguishable particles this range falls to 
O-ir/2. 
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and the signal received by a detectorat Xr  subtending an angle 2A in the centre 
of mass system is: 

't(Xr) 	Jdx I X - I 	= 2b/q½ 	(2.22) 

which is finite, although the normalized intensity, I + (area of detector), 
tends to infinity as A - 0. 

The glory phenomenon has proved more elusive. The forward glory would 
lead to scattering in the direction of the incident beam and would be 
detectable only at very narrow angles where the noise from the main beam 
makes measurement difficult. The effect has only been detected in 
measurements of the total cross-section. Backward glories are presumably 
rendered insignificant by the large value of dx/db near  x = ir making a(x) 
small (see Equation 2.10). 

Inspection of the plots of x(b)versus b (Figs. 2.5 and 2.7) shows that for a 
bipolar potential a given value of I x I may resuit from collisions at three 
different impact parameters. If we retain our picture of the incident 
molecules being spread uniformly over a plane normal to the initial relative 
velocity three annular zones at b 1 , b 2  and b 3  lead to scattering into the solid 
angle at X. Classically the cross-section will be: 

(2.23) 

each term on the right-hand side being given by Equation 2.10 with the 
appropriate value of b. In general, the contribution of the outermost branch 
of (b), corresponding to the largest value of the impact parameter, will be 
the major term because of the presence of the b factor in the numerator of 
Equation 2.10. 

We now proceed to use some of the foregoing results to derive the limiting 
form of the classical differential cross-section at small angles. Mathematically, 
the method is to expand the expression for x(b), Equation 2.6, in inverse 
powers of E*  and then, retaining only the leading term, to substitute the 
derivative for I dx/db I in Equation 2.10. We will deal first with the large 
impact parameter contribution in Equation 2.23 and this will be the only 
contribution for a monotonic potential. 

Taking a potential of the more general form: 

V(R)=2C3RS 	 (2.24) 
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Fig. 2.7 The contributory branches of the differential cross-section. 
The deflection function x(b) v b. Xr  is the rainbow angle. 

The three contributions a 1  to the differential cross-
section. The contribution to each a l  comes from impact 
parameters around the corresponding b1 . 

The net differential cross-section as a function of the true 
polar angle of deflection, X. 

and substituting into Equation 2.4 gives a rather intractable integral which in 
the general case must be evaluated by numerical quadrature, for example, the 
Gauss-Mehler method or by the solution of the coupled differential 
equations, an approach which avoids the singularity at the turning point of 
Equation 2.6; 

2 
=((E_ 	-_V(R))) 	 (2.25) 
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and 

for which several efficient digital computer programs exist. The expansion of 

x in powers of the reduced potential parameters C = CSIE is not straight-
forward and the result is quoted in Section 2.7. Here we confine ourselves to 
obtaining the first order approximation to x by a physically more 
illuminating method involving Newton's second law explicitly in an approach 
that will also be found use fiil in the quantum treatment. The intermolecular 
force F is resolved into components parallel and perpendicular to the 
direction of relative motion and Newton's second law applied in the form of 
an action integral: 

p= L Fdt 	 (2.26). 

where AP = Pfinal - Pinitial is the vector change in relative momentum. 
If, as an approximation valid for small angles of deflection, we replace the 
trajectory by a straight line we can resolve i.p into two components: 

Ipz = J F dt 

(2.27) 
Py = 	dr 

the motion being confmed to. the yz plane. The first integral vanishes 
(F(—t) = —F(t)) and the second yields: 

()½ 	
_ 	_ b 2 )—¼ 	 (2 dR 	 .28) p-2b 2E 
	b dR 

where the equations of the path: 

v=dz/dt and z 2  = R 2  — b 2 

have been used. 
If the deflection angle is small: 

x 	pIp 	 (2.29) 
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and so: 

x=-,--b FM).(~ 2 •(23)) 

whence, for any of the terms in EqUation 2.23: 

Is 	\ I sC3'/2 

[r((s+ 

1)/2)1 /2Ebs). 	2.31) 

It can also be seen from Equation 2.30 that the deflection angle x  in the small 

angle region is the sum of the contributions xs  from each term in the 

potential. 
We now complete the evaluation of the differential cross-section by 

combining Equations 2.10 and 2:30. In the limiting case where the dominant 
contribution to x  comes from only one term in the potential, the differential 

cross-section is given by: 

x 	 (2.32) à5(x) 	

(s7r1/2 r((s 

+  1 )/2 S  )C)2l 
- 	

r(- ~ 2 ) 

Defining a reduced potential parameter Ci', with the aid of any convenient 

length parameter, d 

= C5 /(Ed5) 

Equation 2.32 can be put in the reduced form: 

== 
1 	F((s +1)/2) 	2/s 	

(2.33 
(r+i) 

 •j 

The contribution of the inner branches of the deflection function, if there 
were any, to the small angle cross-section would not be susceptible to simple 
approxhnaticn because the forces acting during the collision are not 
necessarily small, but a typical order of magnitude may be obtained from a 
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rough value of (dx/db)b = b, estimated from tables of angles of deflection for 
the Lennard-Jones potential. We suppose that three branches contribute to 
the scattering at some value of.X close to zero.;lnspection of a typical 
deflection plot shows that as x -0 at b 0 , the two inner branches (labelled (2) 
and (3) in Fig. 2.7) merge and that the deflection function in the region of b 2  
and b 3' can be approximated by the linear term: 

- b)(dx/db)b=bb. 

The contribution of these two inner branches to a(x) is thus: 

b 2  
OW 	

d 
sinx - 

Idb bb2 

Both b 2  and dx/db  are relatively insensitive functions of energy (near x = 0) 
and one finds over the energy range E/c=,1 —10: 

ainner(X) 0 .4 XcJj 	 (2.34) 
branch 

where 0L1  is the Lennard-Jones length parameter 

To summarize, in a system in which a bipolar potential is operating, a(x) 
at angles appreciably less than the rainbow value (perhaps ZO.1 rad) is 
dominated by the outermost branch of the deflection function and hence the 
radial dependence of the longest range part of the deflection function can be 
fOund. At angles well beyond the rainbow and at reduced energies E* > 1, 
the scattering becomes dominated by the shortest range part of the potential, 
but this region, even for 'normal' potentials, may well lie outside the range 
of thermal energy scattering. 

It is not worthwhile identifying these regions more closely because small 
angle scattering is subject to important quantum effects which are discussed 
in Chapter 6. Nevertheless, Equation 232 retains a region of validity under 
low angular resolution even in a full quantum treatment. 

Before leaving the subject of the differential crpss-section, an important 
consequence of Equation 2.33 must be mentioned. We will suppose that 
Equation 2.33 gives the differential cross-section for all values of x not just 
in the small angle region - and for monotonic potentials for which there 
cannot be a rainbow region Equation 2.33 has qualitatively the right 
appearance of a rapid fall off in infensity, at large angles. Integrating over x 
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with Equation 2.33 substituted in Equation 2.11 gives the total cross-section 

IT 

a 4  t =Js) 	x 	 (2.35) 
0 

This integral is clearly divergent for all positive values of sand so we conclude 
that classical mechanics generally predicts infinite total cross-sections for 
potentials of infinite range. In fact, total cross-sections are finite and the 
experimental basis for this very important result is discussed in Chapter 7. 
The discrepancy is resolved by the wave mechanical treatment of scattering 
(Chapter 6), but the prdiction of infinite cross-sections (whether total or 
differential) remains one of the more striking failures of classical mechanics. 
From an experimental point of view, the situation is lessdramatic. Equation 
2.35 predicts that if the attenuation, (I - 1)110, of a beam by a cross beam 
or any sort of target is measured with a progressively Iiarrower detector, a 
constant value is not achieved, but instead the attenuation tends to unity in 
'some fashion with the detector width (assuming also that the beam width is 
kept narr6wer than the detector!) In practice, a limiting attenuation less than 
unity is readily obseived with detectors of finite resolu,tion. 

We now introduce two further quantities which, like the angle of 
deflection, can serve to'characterize a collisioii. These.are the phase shift and 
the time delay. Both can be given a classical definition,but they achieve their 
full significance in the quantum theory of scattering. A particle moving 
through field free space has associated with it a wave motion of wavelength 
given by the de Broglie relationship: 

• 	(236) 

In the presence of a force field the wavelength depends on the position of the 
particle and a phase. shift relative to an identical particle moving through a 
field-free region is introduced (see Fig. 2.8). It is only of interest to compare 
the motions of a particle along trajectories that have tlie same angular 
momentum and in regions sufficiently remote from the scattering centre for 
the phase shift to have become independent of posItion. We are thus led to a 
definition of the form: 

,Rjj 	RdR 
• 	 (b) Urn J -- 	- 	(2.37) 

• 	R—oo 	Rc X 	b 	X 
real path 	zero pâteñtial 

path 



32 	 Chemical Applications of Molecular Beam Scattering 
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Fig. 2.8 The radial wave function i'(R) for a free particle and 
a particle of positive total energy moving in the potential V(R). 

where, classically, the field-free path is a straight line trajectory that passes 
within a distance b of the origin of the polar co-ordinate R and the 
integration in both cases extends from the appropriate turning point to R. We 
have defined the phase shift to apply to the radial motion and so the radial 
velocity is.inserted into the de Brogue relationship giving: 

b2 ½ 	 ½ 
(b)= k( 	(i 	

E
V(R) 	

- 'b 	

. 	 (2.38) 

Because of the combined presence of the wave number and the classical 
turning point this is called the semi-classical expression for the phase shift. 
Differentiation of Equation 2.38 with respect to the angular momentum 
quantum number 1 = pub/h leads immediately to the result: 

aii(l) - 	 bdR 	+ 	 = 

ai 	JR2 (1 	
)1/2 I 	( 	b 2 y2 2 .  (2.39) 

b 

 

(note that the lower limits of integration do not have to be differentiated 
because the integrand is zero at the turning point). 

Fig. 2.9 shows the relationship of phase shifts and deflection angles to the 
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Pnrlon- 

Fig. 2.9 The angle of deflection x, phase shift 77 and time delay T as a 
function of impact parameter for a Lennard-Jones potential with 
elE = 0.8. The units of r are 10' 2  and b is in A. 

impact parameters for a typical bipolar potential. Their mutual relationship 
exemplified in this figure will be of great importance throughout this book, 
and a great deal of the difficulty in analyzing scattering patterns comes from 
the fact that there is no simple relationship between x(b) and 77(b) for a 

bipolar potential. Various perturbation approximations are available for the 
phase shift, but these will be discussed later when we return to consideration 
of the phase shift in the quantum treatment of scattering. 

The time delay r is defined in a similar way to the phase shift as the 
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difference in time required for a particle to pass through a sphere of radius R 
about the scattering centre in the presence and absence of the force field. 
Again we compare only trajectories having the same angular momentum and 
letR -+oo, 

r(b) =2Ljm ($ R _J} 
R+oo 	R c V 	b V 

=; 	
_Y2dR} 	(2.40) 

It can readily be verified that: 

	

an(l,E)/aE=r/zlt. 	 (2.41) 

Delay times may be positive or negative depending on whether attractive or 
repulsive forces dominate in the collision. For a normal intermolecular 
potential with values of the parameters that do not lead to orbiting, delay 
times <10' 2 s are predicted by Equation 2.40. From a computational point 
of view, the time derivative of (R) can be integrated simultaneously with 
Equation 2.3 and 2.4 (with time as the independent variable) to obtain 
complete information about a classical collision. 

2.3 The Coulomb potential 

Although x(b) can be obtained analytically for a number of inverse power 
potentials (H. Goldstein, 1964) of these only the Coulomb potential is of 
importance in atomic or molecular systems. The effective potential in this 
case is (in e .s .u .)* 

Ve ff = ZAZBe 2 /R + Eb2 1R 2 	 (2.42) 

For like charges the potential is monotonically repulsive and for unlike 
charges the effective potential shows only one extremum in contrast to 

* In S.I. Equation 2.42 becomes: 	 -. 

Veff(41160)' ZAZBe2/R +Eb2/R2 

where lengths are in metres, charges in coulombs, energy in joules and e 0 , the 
permittivity of free space, is 8.85415 x 10-12 C 2  N' m 2 . In this book 
e.s.u. are used throughout. - 
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attractive potentials with a steeper R dependence than R 2  for which Ve ff 
has both a maximum and a minimum. The deflection function, from 
Equation 2.6, is: 

(b)=ir-2b 
JRe 	' 

R2 ( b2ZAZBe2) 

R 2 	ER2 	
dR 	(2.43) 

Changing to the dimensionless variable u = b/R yields the standard form: 

x(b) ir + 2 r 	du 	
2 ½ 	 (2.44) 

u 

i 	 2 ZAZBe 
I 	il — u - 	 U 

') 	\ 	be 

so that: 

x=2sin' {i + 	
bE  

( 	2) 2 )_

½ 	
(2.45) 

ZAZBe 

inverting and differentiating gives: 

db  = ZZe2 	
(246) 

d 	4Esin 2 (/2) 

Thus from Equation 2.10: 	 - 

1 (ZAZBe2\ 
2  ____

(2.47) 0(x) = - 
	2E 	) sin4  )(/2)' 	-. 

which is the Rutherford result originally derived for the scattering of 
a-particles by nuclei. 

From Equation 2.46 it can be seen that no extrémuminthe deflection 
function exists so that in the Coulomb potential neither rainbow scattering 
nor orbiting can occur. The total cross is again infinite, while the phase shifts 
calculated from Equation 238 diverge logarithmically and only become imite 
for potentials falling off more rapidly than R 

The potential between an ion and a dipole varies as R -2,  but contains a 
strongly angle dependent factor. 

V = Zej.t cos 01R 2 	 (2.48) 

where 0 is the angle between R (the vector from the dipole to the ion) and the 
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dipole axis. The dynamics of collisions involving non-central forces are 
intimately bound up. with the transfer of energy between rotation and 
translation and none of the formulae for x(b) in this chapter are applicable, 
although the impulse formulae Equation 2.26 can be adapted if the target is 
assumed stationary throughout the collision. 

The long range potential between an ion and an isotropically polarizable 
mqlecule, with polarizabiity a, is 

V. - aZ 2 e 2 R 4 	 (2.49) 

the basis of the Langevin potential and of some models for ion-molecule 
reactions. Substituting this potential into the deflection function formula 
Equation 2.6 yields, after rearrangement, a standard elliptic integral of the 
first ldnd. The equation for the orbiting radiis is readily found from 

quation 2.17 to be: 

1 aZ2e 2  \ V4 
R 0  = 

2E ) 	
(2.50) 

and the critical impact parameter for orbiting is b 0  = ..JR 0 .  

We conclude this section by noting an important though approximate 
çaling rule of great use in the qualitative interpretation of scattering patterns. 

Inspection of Equation 2.31 shows that for small angle scattering EX is a 
function only of the strength of the potential and the impact parameter. 
Thus, if we compare the scattering in a system at different energies but at 
angles that lead to the same value of E, we can be sure that we are 
comparing events that occurred at the same impact parameter. Similarly, 
expansion of Equation 2.45 shows that EX for Coulomb scattering with given 
values of ZA and ZB is a function only of b at small angles. A brief inspection 
of the deflection function expression Equation 2.15 shows that for the 
general potential, Ex is not solely a function of e and b*.  However, the 
deflection can be developed as an expansion in the reduced potential para-
meters and the distance of closest approach. For the bipolar potential: 

VCnR+Cm R m 	 (2.51) 

the form of the expansion is: 

x = a 1  C/(ER) + b 1  Cm /(ER) + a2 (Cn/ER3) 2  +... 	(2.52) 



The Classical Mechanics of Molecular Scattering 	 37 

If the linear term in E' is dominant, as it will be at high energies, a constant 
value of EX implies a constant value of R. By comparing scattering at 

different energies but at a constant value of E, we are examining trajectories 
with roughly the same value of the distance of closest approach. It is now 
customary in plotting scattering data to use Ex rather than x  as the abscissa 

and it is found that a variety of features in the differential cross-section, 
including some occurring on the dark side of the rainbow, are superimposable 
by this means. Amongst these is the rainbow itself which is characterized by a 

nearly constant value of R c  and in table 1 EXr  is also listed and exhibits 
nearconstancy especially at E* > 2. This property of EX r  also enables tables 
of the deflection function to be extrapolated much more accurately by 
interpolating in E*X r  rather than Xr itself. 

2.4 The conversion from centre of mass to laboratory co-ordinates 

So far, we have derived formulae for the angle of deflection of the 
inter-particle vector R and hence a(x)  in terms of the intermolecular 
potential. We now seek a method of passing from a(x) to u(0) the differential 
cross-section in laboratory (lab) co-ordinates that would be measured in an 
actual experiment. With this transformation the path is then complete, in 
either direction, between the potential and the observed scattering pattern 
resulting from it. The transformation lab cm is based on the triangle rule 
for the addition ofvectors and deals only with quantities observed after the 
collision is over and so it holds for the transformation of both classical and 
quantum differential cross-sections. We recall that the angle of deflection, x, 
in cm co-ordinates is the angle between the initial and final relative velocity 
vectors of the partners in a collision and that the angle of deflection 0 in lab 

co-ordinates is the angle between the initial and final laboratory velocity 
vectors. It is then clear that central to the transformation is the 'Newton 
diagram'of the process, which is the vector diagram of the velocities of all the 
particles present before and after collision. A Newton diagram can be drawn 
for every type of molecular encounter, reactive or non-reactive and they are 
invaluable even at the preliminary stages of planning a beam experiment. 

The simplest of all Newton diagrams (Fig. 2.10) results from the following 
process: a photon hits a molecule AB which then dissociates into two 
fragments A and B. In Fig. 2.10(a) the initial lab molecular velocity is VAB, 

and those of the fragments VA and VB.  The centre of mass initially coincides 
with that of the AB molecule and since the photon has a negligible momen-
tum, the velocity of the centre of mass, Vcm,jS equal to VAB. After collision, 
the centre of mass continues with unchanged velocity and the two fragments 
emerge in opposite directions in the cm frame. 
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hy 

Fig. 2.10 (a) Velocity vector diagram forthe process 
- 	AB + hv -+ A + B. The momentum of the photon is 

- ignored. VAB is the velocity of the molecule prior to 
dissociation in laboratory coordinates. WA, W8 are 
the post-collision velocities of the fragments relative 

	

• 	• 	to the cm. 	 V  

VA - 	(b) The essential construction of 

	

• 	
V 	 WA 	 (a) in condensed form, making 

V 	a 	 X 	 up the Newton diagram. 0 is the 
• 	 Vcm 	 angle of scattering in the labora-- 

	

V 	 • 	 V 

 VB 	 WB tory. Vcm now coincides with 
VAB- 

The direction in which the fragment A emerges is that of VA, given by the 

	

V V V V V• 

	 vector addition of Vcm and WA: 	
V V 

-. 	 - 	 VA V +WA, VB Vcm 1 W (2.53) 

	

V 	wherè 

V 

• 	 mAwA mBwB 

The application of elementary geometry to Fig. 2.10 gives: 

V 	
cos x =  —p sin 2  0 ± 	sin4  0 - p2  sin 2  0 + cos2  0 	 V 

• 	 WA = V1U + V2 '_ 2 'AVcm  cos 0 	 (2.54) 

V 	
where f) = Vcm/WA the magnitude of WA may be known in advance from the 
conservation of energy: 	 V 	 - 

- 	
- 	- mAwA (l+—)=hv_iE 	V 	(2:55)

MB 

where LE is the energy required for the process AB A + B. The ideal beam 
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experiment would measure the final laboratory velocity VA in order to find 

E and hence to identify the spectroscopic state of the products. 
We next turn to two qualitative features of this scattering process that 

emerge from an inspection of Figs. 2.11 and 2.13. Firstly, if WB is less than 

Vcm, then at any given angle.of observation 0, A or B particles will emerge 

with two different velocities, Vf and v. That is, although two particles may 
emerge from a collision at the same lab angle, they have not necessarily 
undergone the same deflection in.the cm system. The importance of this is 
that any theory of the scattering process will lead to a prediction of o(x) first, 

and the lab cross-section is then calculated from the sum of a(Xf)  and (7(Xs). 
If the fast and slow components of the scattered flux are not measured 
separately, there is :no  reliable way of deducing a(Xf) and a(Xs) separately 

although in practice Xf  is usually verydifferent from y and observations are 
conveniently restricted to angular regions in which o(Xf) > o(y). 

The second general use of the Newton diagram is in deducing the Jacobian 
for the transformation between lab and- cm co-ordinates. Jacobians will be 
familiar to the reader in their purely máthematial role as the ratjo of the 
infinitesimal volume in one co-ordinate system to the corresponding volume 
in another co-ordinate system of the same dimensionality: 

X1dX2 	 (2.56) 

Thus, in transforming from Cartesian to polar co-ordinates in ordinary 

Fig. 2.11 The fast and slow collision prod-
ücts. Scattering of B at Xf and  Xs  in the cm 

- - 

	

	 system leads to particles emerging at the 
angle of observation 0 with velocities Uç and 

- 	 vs. 
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three-dimensional space we have: 

dxdydz=r2  sinOdrdOd 

so: 

( r,
x,y,z\ 2Jr sinO. 

O,cbJ 

In scattering problems the Jacobian of the cm to lab transformation 
has a simple physical significance. If we place a detector that subtends a solid 
angle d&2 at the scattering centre in lab co-ordinates, then from Fig. 2.12, all 
the particles that reach the detector must have emerged through the shaded 
area, i.e., into a solid angle dw in the cm system, where: 

d92 -  sin 0 dO dc1 -  (dA/VA) cos a 	
(2.57) 

dco sin x dX d - (dA/w) 

and so: 

d = cos a (WA/VA) 2  dw 

Fig. 2.12 Particles scattered into solid angle 
dw in the cm system arrive in dl in the lab 
system. The detector D subtends an area dA 
(shaded) on the surface of the sphere on 
which the tip of WA lies. 
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while from the definition of the differential cross-section: 

a(w)dw = 

so that 

(COS O 1') o(cz) 	 (2.58) 0(w) J 
cosx,q, 

where 

(cosO 	
a  cos 

cosx, 
	( WA )

VA 

	

(

=j
cosx,' 	

(2.59) 
cos 0, ly 

The Jacobian for the fast and slow scattered particles at any angle of 
observation will be different and the observed differential cross-section 
measured without velocity analysis will be 

- 	 IcosXf,t\- 	/CO5X8,\
a(0, 1) =Jf 	 ) o(x) +J 	 , ) a(x). 	(2.60) 

This result is quite general. 
Returning to the photodissociation process, the polar direction is taken to 

be that of VAB and clearly the azimuthal angles 0  and I are identical. 
Application of the cosine rule to Fig. 2.10 yields the following result for the 
Jacobian d2/dw in terms of the óbservables 0 and óA: 

(cos 

0) 

- [ 	

( v A \ 2
-2- cos0] \ 
	VA

Y2 (i 

	icos0 	(2.61) J 	 +
CO5X,0 	 VA / 	VA 

If VA is not measured, but WA is deduced from Equation 2.55 then we 
eliminate VA from Equation 2.60 with the aid of: 

VA 
= Cos 

VAB 	
0± [cos2  0-1+ (_WA ) 2 

	

(2.62) 
VA B 

The importance of the Jacobian can be illustrated by the edge effect, 
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Fig. 2.13 The edge effect. Scat-
tered A and B particles are ±estric 
ted in the laboiatory to emerge 
within cones generated by the rota- 

- 	 tion of WA and w about L?cm. - 

which arises if WA or WB is lessthan 0cm• Reference to Fig. 2.13 shows that 
in this case the scattered mtensity is zero at laboratory angles greater than 

= 5ifl (WA/Vcm) and that classically, the laboratory differential cross 
section must rise to infinity at 0e  since here cos a is zero. This conclusion is 
not altered by the application of wave mechanics since the irajectories atthé 

-  edge are not coherent (they have emerged at slightly different values of-x) 
But, as in the discussion of the rainbow, the intensity at the edge measured. 
by a real detector subtending an angle A remains finite In Fig 2.14 the effect 
of the operation of the -Jacobian at the edge is illustrated for the cake 
WA = Vcm /2 in a reaction in which the products are scattered isotropically in 
the cm system, i.e., u(x) = o. The contributions of the slow and fast pioduct 
molecules are shown separately, 90-percent of the observed intensity coming 
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from the fast component at low angles. The effect of scanning this scattering 
pattern with a detector of finite width (ii = 0.01 rad) is also shown. 

A Newton diagram and. Jacobian identical to those for the photodissoci-
ation process will apply to dissociation following the collision of an electron 
with a molecule if the momentum of the electron can be neglected in 
comparison with the molecule. 

We now turn to the co-ordinate transformation for the elastic and reactive 
scattering of two particles for the important case in which the number of 

particles is conserved, i.e. 

A+B -) C+D 

(A C, B D for elastic scattering). 
Before the collision R cm  and RAB are given by the vector diagram Fig. 2.1, 
whence, by differentiation with respect to time the velocity diagram is 
obtained (Fig. 2.15): after collision the particles C and D emerge with 
velocities WC, WD relative, to the centre of mass and hence the emcrgent 

laboratory velocities vc  or VD can be obtained by vector addition of WC or 

• 	40—  

1150 

I, 

	

30 - 	I• I \ -- 

29-5 	30 	'30-5 
 

20— 

	

0 	- 	ib 	- 	20 	 30 	®Iob 

Fig. 2.14 The laboratory cross-section for scattering exhibiting 
the edge effect. o f  and of  + ars  are shOwn, together with the 
effect of finite apparatus resolution i on the observed cross-
section near the edge angle. Also shown is the Newton diagram. 



(d) The Newton diagram 
for the elastic scattering of 
two particles of equal 
mass. 

44 	Chemical Applications of Molecular Beam Scattering 

(a) 	 (b) 	 (c) 

VS WB 	 0 

VC 
cm 

WA 

- 	 I 
- 

	 a 
Fig. 2.15 The velocity vectOr diagrams before (a) and after 

•  (b) scattering and superimposed with Vc m  in common (c). (a) 
lies in the plane of the paper; uc, VD and Vcm lie in a plane 
tilted with respect to (a). 

(d) 

WD and vcm. 'cm  is thus common to both the pre- and post-collision 
velocity vector diagrams and the two cm 's can be superimposed by a simple 
translation to give Fig. 2.15(d), the Newton diagram. 

From an experimental point of view, it is convenient to define angles of 
deflection with respect to one of the beam directions which can be measured 
and is independent of energy, rather than with respect to the direction of 
vj •  The Jacobian far the geiiéra{ case has been given by F. A. Morse and 
R. B. Bernstein (1962) among others, and the derivation follows similar lines 
to the photodissociation case. The details of this transformation are given in 
appendix B. As in the photodissociation case if the final velocity of the 
product from a reactive collision is not measured there is considerable 
uncertainty as to the Jacobian for this transformation. Since, in general, the 

- disposition of exothermicity between translational and internal modes of the 

products is not known this can lead to problems in interpretation. In principle 
measurements of the laboratory out of plane scattering can reduce this 
uncertainty but in practice experimental difficulties in providing out of plane 
motions are formidable. 
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2.5 The hard sphere potential 

We will illustrate the foregoing results by deriving the differential cross-
section expression in cm and lab co-ordinates for the hard sphere potential. It 
must be said at the outset that the hard sphere potential is never a good 
approximation for the small angle scattering of real molecules because of its 
finite range, but it has been used extensively in the kinetic theory of gases 
and is the limiting form of progressively steeper repulsive potentials. The 

potential is: 

V=O Rd 

V=oo R<d 

The mechanics of the collision are that, at the moment of impact, the 
component, w, of the relative velocity WAB along the line of centres is 

reversed and the final vector, w', is obtained by adding —w to the 

unchanged tangential component Wt of  WAB  (Fig. 2.16) whence: 

Fig. 2.16 The collision of two hard spheres 
in the cm system. The relative initial 
velocity is wAB. After collision the com-
ponent of w along the line of centres is 
reversed to give —w e . The final relative 
velocity w' is then the sum of —w and the 
unchanged tangential velocity w. X  is the 
deflection angle and the impact parameter 
is b. 
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cos(lr 
- x) = 1 - 2(b/d)2 	 (2.63) 

Substituting in Equation 2.10 gives the differential cross-section, 

(2.64) 

which is independent of X . 
The Jacobian for transforming from cm to lab is: 

(COS X 0) - UA 	2v 	
(2.65) - 	

cosO, 	•WAW1+VA_Vm 

where the necessary relationships for measurement in the plane of the two 
beams are Fig. 2.15(d): 

= °cm COS  (7 - 0) + WA cos a 	- 

a = sin' [(VcmjWA) sin (y— 0)] 

7 =sin' [mBVB/(2(mA +mB)Vcm)] 	(2.66) 

WA = (mB/(mA + mB))I(v + 

In the case mA = mn, WA = WB, the lab cross-section is found to be from 
Equations 2.65 and 2.66, 

0(0,=0)=d2  cos (-0) 	 (2.67) 

and is plotted in Fig. 2.17. The zero intensity atO = —ir/4 and 37r/4 is due to 
the zero velocity of the molecules emerging in the laboratory at these angles. 
Defining a more symmetrical lab angle, j3 = 7r/4 - 0,  the reader can verify 
directly that: 

Ir  

21r C/2 
a(P) sin 0 d13 = 27r 

S:a(x) sin x dx, 

so that the total cross-section remains unchanged under the cm lab 
transformation. Note that implicit in this verification is the knowledge that 
the differential cross-section in either co-ordinate system is independnet of 
the azimuthal angles associated with x or 0; whilst the former symmetry is 
quite general, the laboratory azimuthal symmetry is peculiar to this problem. 
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-45 	0 	45 	90 	I 	
8,0 

Fig. 2.17 The differential cross-section for the scattering of 
like hard spheres in lab (0) and cm (x) co-ordinates. The 
increase in intensity in the lab in the direction of motion of 
the centre of mass is apparent. Both the cross-sections are 
reduced by d2 , where d is the hard sphere diameter. 

2.6 High energy collisions 

Scattering phenomena investigated at energies large on the chemical scale 

(~ S eV) are generally performed with one beam thermal and the other at the 
required energy. The target or slow beam molecules can then be regarded as 
stationary before impact. The wider range of processes that are available with 
superthermal collisions compared with thermal energy bombardment is 
indicated in the following scheme: 

A + B2 	' 	A + B2 	(elastic) 

A + B 	(inelastic/internal excitation) 

. AB + B 	(reaction) 

	

IV 	A + B + B 	(dissociation) 

	

V 	A + B + e (ionization into a variety of channels) 

The last two possibilities become more probable with increasing energy at the 
expense of reaction. At high energies the Newton diagram takes on a 
simplified form, and those for processes I, II, IV and V (if the momentum of 
the ejected electron is neglected) are summarized in Fig. 2.18. 

If the lab velocity VA and angle of scattering 0 of the emergent A atoms is 
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Fig. 2.18 Newton diagram for the collision of fast A with 
stationary 13 2 . Two possibilities are shown; (1) A + B 2  - A + B 2  
(full lines), characterized by U 'A< VA (2) A + B 2  - A + B + B 
(dotted lines) in which the two B particles emerge with different 
lab velocities v and v. - 

measured, then the energy transferred to internal motion, AE, (resulting in 
excitation, dissociation or ionization) is given by: 

= m 	 B 
[coso ± 

\ - 

'm 	2 / 	zE \ 	 1/2 
2) 
 (,i 

- 	
) - sin 2  0 

} ] 	
(2.68) 

0A mA+mB 	 mA 

where Ecm is the initial relative kinetic energy, ½.tw. It is important to 
measure the magnitude of 0A 50 that the predominant collision process at 
various angles of scattering can be inferred from A E. 

2.7 Summary of useful formulae 

The more important classical formulae connected with scattering are 
summarized here; they are numbered according to their position in the text. 

The deflection function is defined by: 

X(b)=1rL2 $ 	
bdR 	- 

p R2(1_V(R)/E_b2/R2)Y2 	
(2.6) 

and an approximation for small deflections is: 

x(b) - - ç!i (R 2  _b2)_V2dR 	 - 	(2.30) 
b dR 
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For the (12.6) L.J. potential a useful approximation is: 

154e 6  6934€(a2 	Eu 
62 

x(R) (
a 
 ) 
+-) +

o[() 

which is good to ± 10 per cent for deflection less than, roughly, 0.3 rad. 
Another formula for the deflection function sometimes more convenient 
for approximation (F. T. Smith etal., 1966), e.g., in deriving Equation 2.30, 
is: 

x(b)=—b' ç (R dV(R)\ (1 V(R)Y'  ( 
V(R) b2\dR 

pEdRJ\ 	El \ER2) 

The classical differential cross-section is: 

	

. 	' 
Uci(X)b/ fIdx I d smx1. 	 (2.10) 

db 

For a potential of the form V = CR _S(  s > 3): 

	

/ 	F([s + l]/2)Cs)21s —(2+2/s) 	(2.32) 
L+ 1)E 

(2 

The semi-classical phase shift is given by: 

71(b)=k( 	(i 	ER 2 ) 	— : 11 	
)IdR) 

 - 	
(2.38) 

which satisfies the relationship: 

	

= xb). 	 (2.39) 

An approximation for small phase shifts is: 

.(R2 —b 2 )"dR. 	 (2.69) 
b dR 
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The rainbow angle is given approximately by: 

X 2e/E 

for a range of (n, 6) potentials and is useful for c/E <0.4 (see also Table 2.1). -. 
Finally the relationship between the phase shift function and the differential 
cross-section is: 

o(x) = (2sin 
	

(kb' 	(2.70) 

Appendix A The transformation between lab and cm co-ordinates for 
reactive scattering 

For a reaction of the type A + B = C + D, useful relationships are (Morse and 
Bernstein, 1962) 

( Cos  0,(D

) 	

( Wc) 2  = - 	I cosa  I 	 (2.A1) 
cosx,4 VC  

X.= cos' 
{w&+w—(Vi+V)+2vA 

vccos 0 
cos4 } (2.A2) 

2WAWC 

and 

W 	
ImAmD' AE)}½ 

C - WA 	 Il -- 	 (2.A3) 
mBmc 	Ej  

where AE- is the difference between the final (Ef ) and initial (E1) relative 
kinetic energies, Fig. 2.19. 

To pass from cm to lab, use: 

VC = fVI + 	- 2vcm wc(cos x cos 3 - sin x sin  13 cos 	½ (2.A4) 

where the quantities appearing on the right hand side are most conveniently 
written-in terms of the Cartesian components the of the paiticle velocities: 

Vcm = (mAvAX +mnvn) 2  +mv ½/(m +mB) 2 	(2.A5) 

vcx(vAX - Vcmx) - 
cos 0 =  CY  

VA [(VAX - VCX) 2  + v] 	
(2.A6)

CY 



The Classical Mechanics of Molecular Scattering 	 51 

WC 

Alc 
VCM 

VA 

- Fig. 2.19 Part of the Newton diagram for 
A + B -+ C + D. Only the velocities of A and 
C are shown. (D and 0 are the polar angles of 
VC with respect to VA, SO COS 0 cos 0 cos 
(I). 0 is the azimuthal angle of wc with 
respect to the plane containing VA and WA, 

with WA as the polar direction. 

vc(vc — Vcm ) + VCY(VCY - Vcmy) + Vz 	(2.A7) cosa1 
VC I[(vc — Vcmx)2 + (uc - Vcmy)2 + 

and so forth, where the x/y plane is defined by the two incident beams. In 
transforming from lab to cm, t.E will in general not be known. If the 
magnitude as well as the direction of VC is measured, a possible recipe for 
effecting the transformation is: 

cOmpute cos a from Equation 2.A7 

compute WC from 

wC = vC [cos a ± j1 -- - sin a 	 (2 .A8) 

(the sign is chosen by inspection of the Newton diagram). The cm angle -of 
deflection is then obtained from 2.A2 and the Jacobian from 2.Al with or 
without the -cosine factor as appropriate. - 

In elastic scattering, the final lab velocity is usually not measured. A useful 

-set of equations for in-plane scattering is then: 

I WA I "Jmy + (VA - vcmx)2 	 (2.A9) 

The presence of the cos a factor in the Jacobian for reactive scattering has 
been the subject of some debate. If the product differential cross-section is 
measured with velocity analysis the Jacobian required is J(cos 0, (D, vc/cos X, 
0, wc) and this, after some rather heavy trigonometry is found to be simply 
(wC/VC) 2  (K. T. Gillen et al., 1971 and references therein). The reader can 
more readily verify this for the simpler case of photodissociation with the aid 
of the relevant Newton diagram, Fig. 2.10. If the quantum state of the 
product is measured, then Equation Al is the appropriate Jacobian. 
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OAX =  Ucmx + Vcmy tan 0 

 
1+ tan 2  0 	

(2 AlO) 

where the positive sign gives the fast scattered component and the negative 
sign the slow component. 	 • 

I VAX =VAxtanO 	 (2.A11) 

• S 	
The two cm scattering angles confributing at an angle ôfobsêfvation 0 are: 

x = cot' 	- Vcmx)(VAX 	 - (° 	c)vcmy 

WA. 

where the fast or sloW value of v is used As appropiiateL 



CHAPTER THREE 

Molecular Beam Sources 

3.1 General design considerations - signal/noise 

Some hint of the experimental difficUlties inherent to the scattering 
technique has already been given. Before proceeding to discuss in detail the 
particular aspects of generation, state selection and detection of molecular 
beams we profose to consider the experiment as a system. In this way the 
relative contributions of these parts to the overall performance can be better 
estimated. 

In Fig. 3.1 we show a rather generalised experimental configuration 
incorporating two sOUrces S, S 2 , three filters F 1 , F2 , F 3  and a detector D. 
In any real experiment it is unlikely that all the selectors sho*h would be a 
feasible proposition ;  nevertheless we include them here for completeness; it is 
then a simple matter to drop any unwanted terms from the resUlts. We define 
the following quantities: Ii and 12,  the beam flUxes of niölecules with 
velocities v 1  and v 2  in molecules s sr , the transmission of the filters T 1  

T2  T3  deimed as the ratio of molecules (with speôified velocities v, etc.) 

incident to that transnhitted, the respective beam widths W 1 , 14'2 , and height 
h efme the scattering volume W 2  W 2 h. The distanées 11, 1 and 13 are 
from the sources and detector to the scattering centre. The laboratory 
differential cross-section is Uj (E, 0) for in-plane scattering by the process 
labelled j e.g. elastic scatteririg at angle 0. The effective area of the detector is 

Ad and it has an efficiency of q counts per incident molecule of species i. 
We further assume that the number density of background molecules of all 

types present in the apparatus is nb cm and that they have a mean velocity 

53 
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/ 
- 	 / 	- Beam widfhs - +ç, 

	

I F, 	
BeomejQ 

1 2  

2 

Fig. 3.1 Generalized scattering experiment. 

Vb cm s'. The number density of the molecules to which the detector is 
sensitive is n 1  cm 3  (also with mean velocity vb). 

The density of species 1 at the scattering centre is: 	 .. - 

• 	 • 	 IT1 	_ 
(3.1) 12 

	

-. 	 1U1 	• 	 - 

• The number of collisions Z 12  leading to scattring by process j into unit 
solid angle at 0 in the laboratory is: 

I1T1I2T2W1W2hcr(E,0)(v1---v2) .' 
12 	 • 	 22 	 S 	 (.) 

u 1 v 2 1 1 1 2  

where E = ½p(u i  + v2)2 = the impact energy and W 1 W 2 h is the scattering 

	

volume. The number of counts recorded by the detector will be: 	 - 

- Z i2 T3Aq/l s_ i 	 (33) 

Thus the detected signal is: 

	

I1 T 1 -I2 T2 W 1 W 2 ha(E,0)(v 1  —v2)T3Aq 
s ' 	(34 

—• 	 ,2,2,2 	 . V1 V2c i'2' 3 
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The feasibility of the experiment will depend upon the count rate S. 
Clearly if S becomes very small e.g. less than 0.001 counts s' the 
experiments will be exceptionally tedious and perhaps even impractical. 
However, before this stage is reached it is normally found that the noise 
count limits the sensitivity attainable. It is the signal to noise ratio which is 
crucial. 

The noise counting rate is difficult to estimate, unlike Equation 3.4 for the 
signal for which all the parameters can be fairly well guessed. It arises from 
two principal sources: 

(a) From the partial pressure of the species being detected inevitably present 
in the detector region and (b) from scattering of the beams by background 
gas. 

For the first contribution the noise counting rate will be: 

N=nIqA.ub/3 s_i 	 (3.5) 

representing the flux of molecules onto the detector surface. The difficulty is 
in estimating n 1 . Even a partial pressure of 10716  torr corresponds to 3 atoms 

per cm 3  or at thermal energies some iO collisions cm 2  s' n the detector! 
In the second contribution we are concerned with the densities of the 

target beam and the background gas (of all species). The count rate arising 
from this source will be: 

flbTi'i W W2hT3Aqo(0) 
s_ i 	(3.6) N— 	

121 1 32  

(We assume that the detector views only the scattering volume). 
Noise from this source will be much more severe in the case of elastic 

scattering for which 0b  (0), the differential cross-section for scattering from 
background gas into angle 0, will be of the same magnitude as the 

cross-section being studied. 
In general it will be an objective of design to achieve a target gas density 

greater than 100 times that of the background i.e. 

b°°' T2 I2 /v 2 1. 	 (3.7) 

The noise count rate we have calculated represents the mean counting rate; 
as we shall discuss later in Chapter 5 it is the fluctuations in this rate that play 
the crucial part in an experiment. By making successive observations with one 
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or other beam switched off we can estimate the signal plus noise and the 
noise alone, hence by subtraction estimating the signal with an uncertainty 
which depends upon the standard deviation of the noise. If we assume that all 
the noise processes contributing are 'white' (i.e. purely random) we can 
estimate their standard deviation as the square root of their mean. 

The signal noise ratio is thus: 

S/ItJ = Signal count rate/(noise count rãfe)'2 	(3.8) 

or combining Equations 3.4,3.5 and 3.6: 

S/N= 
[ 

1 1 T1 12  T2 W 1  W2haE,0)v1 - v2 )(T3 A q )l//2] 

1 2 1 2 1 2  V1V2 1 2 3 

x 

	

[3 	 1?l _____________ 

	

fliU 	nbTlll W 1  W2hab(0)] 

1/2 

(3.9) 

This relation provides the kernel of the molecular scattering design 
problem. Note in particular that the signal/noise varies as the, inverse squares 
of the distances in the apparatus, linearly with the beam intensities but only 
as the square root of the detection efficiency. 

Unfortunately it is not sufficient simply to choose values for the 
dimensions so as to provide an adequate signal/noise ratio. Our choice is 
limited not only by practical considerations of machinability and strength of 
materials but more fundamentally by considerations of resolution. In any 
experiment we are concerned with measuring some parameter of the 
molecular behaviour rather than of the apparatus. This implies that the 
angular and energy resolutions of the apparatus must all be adequate to 
observe the effect of this parameter. In this chapter we shall not be concerned 
with the question of the resolution required to determine some specific 
molecular parameter, a topic reserved for discussion in Chapter 7. Rather, 
given a required resolution in the laboratory system, we will examine the 
resulting apparatus constraints. 

3.2 Resolution 

The resolution of velocity and state filters will be discussed later (in 
Chapter 4). Here we are concerned with the effect of apparatus dimensions 
on the measurement of the angular dependence of scattered intensity i.e. on 
total and differential cross-sections. We shall assume for the sake of simplicity 
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that the velocities and states of our colliding particles are already completely 
defined. The extension of these arguments to cover beams with a distribution 
of velocities or states being straightforward though tedious. With this 
simplification the resolution of our apparatus will depend solely upon the 
geometric aperture of the detector and shapes and divergences of the beams. 

Different techniques of beam generation (as discussed later in this chapter) 
will yield their own characteristic distribution of intensity with respect to 
angle in the forward direction. In general this distribution is too broad for 
direct application and a system of collimating orifices is used to further 
define the beam. Such a system consisting of a source of uniform brightness 
at 0 of width W and a collimation slit C of width W will yield a trapezoidal 
beam intensity distribution as shown in Fig. 2, of size 

A = W + (W - W) a 

B = W + (W'+ W)a 

a = lcd/lsc 	 (3.10) 

The dimensions are normally chosen with W >> W so as to yield a 
reasonably steep sided beam of the required width W. All the other 
dimensions being kept as small as is compatible with other apparatus 
constraints. 

When measured by a detector with a finite angular width M the trapezoidal 

distribution will be broadened. The apparent profile as measured by the 
detector now being: 

M/2. 

I(°)apparent 	I 
( 

+ o'io'. 	 (3.11) 
-M/2 

It might be thought that this apparent width represented the resolution of 
the whole beam detector system. Unfortunately the beam height, which has 
nOt yet been explicitly considered, complicates this simple picture. The 
angular resolution of a system is normally described in terms of the 'Kusch' 
jAgle. That is the angle of deflection suffered by molecules in' the beam at 
which the beam intensity registered by the detector, is reduced to 50% of 
that at zero degrees. The change in intensity with angle for tall beams can 
only be calculated if we allow for scattering occurring out of the plane defined 
by AC and 0 in Fig. 3.2 and 3.3.Here we see that molecules in each element 
ds in the beam are scattered both in and out of this plane. If the beam or 
target molecules producing this scattering are polarized (i.e. have aligned 
angular momenta) this scattering may depend on the polar angle 0 as well as 
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IInfe7I ioe:Proe. 

s/s  

Fig. 3.2 Relation of source and collimation 
apertures to the beam profile. 

on 0. For the usual case of unpolarized beams, however, the scattering 
intensity is indepenient of the angle 0.  The fall in intensity registered by a 
detector placed in line with the beam as the deflection of the beam particles 
increases can be calculated and is a useful function to describe the overall 
angular resolution of the experiment. When scattered through an angle 0 at a 
random azimuthal angle, particles originally travelling in a small section of the 
beam will arrive in an annular area in the detectrir plane. Part of this flux may 
miss the detector, resulting in a decrease in the recorded intensity 1(0). By 
integrating over the area of the beam, the total change in intensity at the 
detector can be calculated as a function of 0 and an efficiency function 1(0) 
for detecting molecular deflections can be computed. For tall rectangular 
beams and detector, R. J. Cross andC. J. Malerich, (1970) have shown that if: 

J (0) = (1(0) - I(0))/1(0) 
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Fig. 3.3 Effect of out-of-plane scattering on 
resolution. Effective response - for •scattering 
through 0 is obtained by integrating over all 
elements ds in the beam. 

then: 

f(p)=O, p<l —a 

5(p) = (iray' {[p2  —(1 _a)2 1½ —(1 —a) cos' [(1 - 
(i—a)p(l+a) 

5(p)' { 2 (1_ a)2 J_[p2 (1+a)2 1 —(1—a) 
xcos'[(l —a)/p] +(l +a)cos' [(l-+a)/p]}, (1 +a)<p (3.12) 

where p = ld sO/b and a = a/b, 'ds being the detector-scattering centre distance, 
a the half width of the detector and b the beam half width. The 
Kusch angle, °K'  of course corresponds tof(0)= 0.5. Unfortunately we are 
still not out of the wood. As a simple example we will consider the single 
beam + gas target experiment to measure the total collision cross-section. 
Here we observe the attenuation of a beam passing through a collision 
chamber (or possibly a cross beam) containing a known pressure of the target. 

The total cross section is a = 21rf a(0) sin Od 0, where a(0) is the 
differential cross-section describing the angular dependence of the scattering. 
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We have already seen that the narrow angle contribution to this integral 
predominates. 	 - 

In the laboratory the observed angular dependence for an apparatus with 
perfect resolution would be 

21r 	 O 
a(0) = J a(O, I)dI = $j ( cos 

cosX,' 
 ) a(X, Ø)dØ Ø 

(since the random velocities of the target molecules makes the scattering 
symmetric about the main beam), where, as already discussed in Chapter 2 
J(cos 0, 1/cos x, 0) is the Jacobian describing the CM - LAB transformation. 

If the total cross-section is to be measured to an accuracy € then the 
apparatus efficiency function 1(0) must be such that: 

ir 

€ = 
	

ü(0) 5ifl(Obb)I(Ob)dO1ab - 2J ab(Ob)sm(O1 ab)dOb 

(3.13) 

or more approximately the Kusch angle must be small compared to the angle 
77 for which: 

77 

6— 
IUlab(Olab) sin(Ol ab)dOia b. 

For elastic scattering the CM value of i  can be estimated rather approx-
imately using the uncertainty relation as: 

hI 1r \''2 -. 	- 	 77CM<—() 	.- 	 (3.14) 

where Ut o t is an approximate, cross section for the potential and p and v are 
the reduced mass and relative velocity of the collision partners. For molecular 
systems 17 will typically be less than a few minutes of arc at thermal speeds. 

Since mechanical alignment considerations make slits with a width of 
less than 0.03 mm difficult to work with, this resolution requirement 
generally predicates a beam length of some 0.1 - 1 m, thus introducing a 
considerable intensity loss. It should also be noted from Equation 3.13 that 
the resolution required will be a function of the Jacobian. If this is 
unfavourable in the sense of compressing a large CM range of angle into a 
narrow laboratory one then the experimental resolution will be corre- 
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spondingly worse. In general one tries to operate with this factor in one's 
favour by scattering and detecting the lighter of the two particles. 

Further problems arise from the motion of the target gas in the scattering 
chamber. Firstly this random target motion with respect to the laboratory 
frame will broaden the relative velocity distribution and may if severe wash 
out any energy dependent structure in the total cross section. This topic and 
the appropriate correction factor are discussed in more detail in Chapter 7 
also (K. Berkling et al., 1962). A second effect more relevant to this 
discussion arises from the spread of Jacobians arising from the target velocity 
distribution. Thus some collisions which for a stationary target would have 
fallen outside the detector will now be detected and will thus reduce the .  

apparent total cross section. In some cases further corrections may be 
necessary to allow for the finite width of the target zone. 

It will be easily appreciated that the apparatus resolution depends upon 
many factors including the nature of the beam and target materials and their 
temperature as well as the apparatus geometry. The Kusch criterion couplçd 
with Equation 3.14 enables a first estimate of the required geometry to be 
made. However, for the accurate interpretation of measured attenuations in 
terms of total collision.cross-sections very careful analysis of the whole range 
of factors contributing to the resolution is required. 

In a cross beam experiment the resolutiOn problehi is yet more complex. 
Once again the experimental design must proceed via some approximate 
forward calculation using guessed potential parameters. The effect of various 
apparatus geometries can then be explored in a laborious but straightforward 
way using numerical integration techniques to produce an apparatus-averaged 
cross section in either the CM or LAB sysiems. In many cases it will be found 
that the particular purposes of an experiment do not require a very close 
approach to the apparatus with perfect resolution. Indeed at this stage some 
trade between resolution and signal/noise ratios as calculated by Equation 3.9 
•is almost inevitable.  

3.3 Vacuum considerations 

The most important component in any molecular beam experiment is quite 
simply the vacuum in whièh the beams are formed and their collisions 
studied. As a consequence the development of beam experiments has been 
closely linked to improvements in vacuum technology. It is not the purpose 
of this book to discuss vacuum technique; however, a few specialised topics 
arising in beam experiments are worth considering. 
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In any beam experiment there are three major requirements of the vacuum 
technique. 

To provide mean free paths very long in comparison with beam path 
- 	lengths, thus avoiding significant attenuation and broadening of the 

beams: 
To maintain the density of background material at a much lower figure 

- 	-than the-density in the collision target or cross beam. 
To minimise background densities in the beam detector chamber, 

	

- 	
- - particularly of species that are indistinguishable by the detector from the 

- -: 	 beam species. 

• 	- 	The mean free path requirement is not normally difficult to achieve. The 
- 	mean free path for a molecule with total cross section Ut0t is: 	-_ 

	

- 	 -•- 	-- 	Xf'(4\/atotn)'. 	-_ 	 (3.15) 

Thus for a typical molecular cross section on adequate A f  may be achieved 
- with pressures of the order iO -  - 10 ton. An exception to this rule may 

arise in the case of very slow atoms or molecules when the cross section may 
become very large indeed compared to that obtaining at normal thermal 
velocities. - - 

The background density requirement is more severe. As we will see later in 
this chapter a typical effusive source may yield a flux of 1013  molecules sr' 

For thermal velocities this corresponds to a static pressure of<.10 7  
torr in a target zone 1 m from the source. Considering the much larger path 
though the background pressure in the chamber as compared to the target 
zone itself we can see that ideally we should need to achieve pressures below 
iO torr if background scattering is to be reduced to 10% of that for the 
target. In practice by keeping all beam paths as short.as  possible and by 
ensuring that the detector 'sees' only a narrow volume around the scattering 
centre this limit can be relaxed. A pressure of 10 - 10 -8  torr in this region 
is quite commonly accepted at present. 

	

• - 	 The final requirement for low background densities in the detector region 
is very severe, particularly in the case of universal detectors such as mass 

- - - - spectrometers. This problem is discussed in more detail in the chapter dealing 
with detectors and its magnitude can be appreciated from the static partial 
pressure equivalent to a flux of 1 molecule s cm 2  at thermal speeds, 

• - namely _,10_2  1 torr. In vacuum terms we shall normally be reduced to 
simply doing as well as possible in this region, perhaps 10_i ° ton total 
pressure. 
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In the design of systems to provide the required environment the beam 
fluxes themselves provide the major gas load, other contributions from wall 
and component outgassing being small in comparison. In this situation, 
differential pumping,in which the system is divided into a series of separately 
pumped chambers communicating only by narrow orifices through which the 
beam passes, offers important advantages. In Fig. 3.4a and 3.4b a 'nozzle 

- source' with an aperture -5 x 10 cm 2  and a driving pressure of 103  torr 

provides the beam, typically of intensity 1019  molecules sr in the 
forward beam direction. 

The gas load will obviously depend upon the temperature and molecular 

	

weight of the gas in the source. 	 - 

The number passing through orifice 

( Area of orifice x molecular velocity x n. density) - 	(3.16) 
4- 

For the conditions given here the gas load will be "-20 cm 3  at N.T.P. To 
achieve a pressure of-10 8  torr in this chamber (requirement ii) a pumping 
speed of - 10 9  litres s' is needed - a speed that could be achieved by a 

	

[_r-ici 	
108torr 

iO forr— 	—-5xlOcm2  orifice 	I 

Pump speed 109 1ilres 

(0) 

	

Nozzle 	Collimation 	EperimentaI 

t 
Dump
ank 

1(5 5 torr 	I 	108torr 	J  5xlOcm2
I   Jorifice 

I lO litres s' 	
103 1ifres S 	

I04 litres i' 

(b) 

Fig. 3.4(a) and (b) showing the advantages of differen-
tial pumping in reducing the pump speed required to 
obtain the desired ultimate pressure in the experi-
mental chamber. 



64 	Chemical Applications of Molecular Beam Scattering 

pump with a completely effective area (in the sense that all molecules that 
cross it are pumped) of> 100 square metres! 

In a system employing differential pumping the speed requirements are 
very much reduced. The total gas load is balanced between several chambers 
the maximum possible amount being pumped at the higher pressures. In this 
arrangement the source operates in a separate chamber (Fig. 3(b) since the 
beam path in this chamber is short (-j 1 cm) the comparatively high pressure 
of iO torr will suffice. The pumping speed required in this chamber is now 
only - I 0' litres s. The second collimating chamber serves as a buffer 
between this chamber and the experimental one. The pumping load in this 
chamber based on the beam intensity and the entrance aperture to it is: 

Beam Intensity x solid angle of entrance 
= l ot 7 molecules s 	2 x 102 cm 3  s at N.T.P. 	(3.17) 

so that a pumping speed of 1,000 litres 51  would maintain a pressure of 
iO torr. In the final experimental chamber the gas load will consist of all 
the gas scattered from the beam (say 10% of the beam flux) plus that which 
enters from the buffer chamber via its exit aperture. Thus for the dimensions 
in the figure a pumping speed of 10 4  litres s is required, a speed readily 
obtained at these pressures by cryo panels or titanium getter pumps. 

The great savings in pump speeds and hence in cost by the use of this 
staged pumping is very clear. These pumping speeds are obtainable by a 
combination of diffusion and liquid nitrogen cooled cryo-traps. For the 
higher vacuum chambers where the actual N.T.P. gas load is small, Ti getter 
pumps, preferably working on a liquid nitrogen cooled substrate provide great 
pumping speeds at relatively low cost for most chemical species, Table 3.1. This 
type of pump has now made the attainment of pressures of the order 
10_8 - 10 torr a simple operation not requiring baking or other elaborate 
techniques necessary when only the slower ion pumps were available (which 
are now only required to handle the inert gases). 

The major difficulty in constructing vacuum systems of the staged type, 
particularly for cross beam experiments, lies in the geometry, the require-
ments of short path lengths to the scattering centre and detector conflicting 
directly with the need for differential pumping stages and the actual size of 
the pumping equipment required to handle the gas load. When these problems 
are combined with the need to vary the detector angle, possibly both in and 
out of the plane, and to preserve some flexibility in the insertion of velocity 
filters etc. then considerable ingenuity is required to realise an effective 
system. 
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Table 3.1 Ti getter pump speeds litres s 1  cm 2  

Gas 
Ti film 
temperature 	H 2 	N 2 	02 	CO2 	CO 	H2  0 

300K 	20 	15 	11 	30 	66 	20 
77 K . 	40 	40 	 60 	70 	90 

3.4 Beam sources - thermal energy 

In Section 3.1 of this chapter we have shown how the oyerall signal/noise 
ratio depends upon the various apparatus parameters. In practice once having 
decided on the resolution required in an experiment our only remaining 
variables will be the beam intensities and detector sensitivity. Although 
in principle shrinking the distances which the beam must traverse is possible, 
machining and alignment considerations make it difficult to use beams less 
than a few tens of microns wide. The angular resolution required then 
dictates the minimum beam distances possible. Since the signal/noise ratio 
depends linearly upon the beam intensities but only as the square root of the 
detector sensitivity, the beam intensity available is usually the key factor in 
determining the feasibility of an experiment. 

In recent years a wide range of techniques have been used to produce 
molecular beams. These methods have been discussed in a number of general 
reviews (H. Pauly and J. E. Toennies, 1965, 1968; N. F. Ramsey, 1956) as 
well as some more specialised reports (J. B. Fenn and J. Deckers, 1968; J. B. 
Anderson, et al., 1968). In general these techniques may be grouped into two 
main classes. Those covering the approximately thermal collision energy range 
extending at most up to 1 eV (3000 K hydrogen) and those operating at 
energies above this limit and thus not available from an equilibrium source. 
We shall see later that the intermediate region of beam energy, say from 1 to 
20 eV, is an especially difficult one in which to work. The production of very 
sloi beams is similarly difficult. 

A further class of sources is designed to produce beams of free radicals, 
metastable species, dissociated atoms etc. These sources are normally 
adapted versions of the more usual types using electron or photon fluxes to 
produce the required excitation. In all these devices their efficiency as sources 
will depend most importantly on the following factors. 

(i) The forward intensity in molecules sr ' s' along the beam axis. Clearly 
the greater this intensity the better. 

Ikk 
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(ii) The ratio of forward intensity to the total gas load. In other words the 
directivity of the beam as it emerges from the source. A beam having 
most of its intensity in the useful forward direction will be more 
economic in its pumping requirements for a given beam intensity. 

(m) The range of velocities which the source will produce Ideally we should 
like to vary the beam energy smoothly and continuously over a wide 
range from a few milli electron volts to several thousand eV.In practice 
sources are much less versatile. - - 
The velocity dispersion in the beam Lv(width at half hezght)/v. If the 
beam energy. is readily variable then a very narrow spread- in the 
velocities of the molecules emerging from the source is desirable: 
Alternatively a suitable velocity selector can be used with a source 
prodüc g  A, range of velocities o as to obtain the benefit of both a wide 
energy range and a narrow dispersion in velocity (though at some cost in 
intensity) 
The atomic and molecular state of the particles m the beam In some 
cases we may wish to produce beams of dissociated atoms or other 
excited species We shall almost always require to operate with beams in 
a well characterized internal state 
The stability of the source both as regards short term changes in 
intensity or in alignment and in the longer term due to corrosion etc. 

-: 	 Most thermal energy beam sources utiise a flow system in which the beam 
material flows as a vapour from an oven into a chamber of lower pressure. 
Here collimation and differential pumping stages are used to produce a final 
well defined beam in the experimental or collision chamber. This type of 
system can operate under two different regimes - molecular effusion or 
hydrodynamic flow In the molecular flow condition the molecules move 

through the slit and beam without undergoing collisions. Their motion is thus 
mutually independent Under these conditions the Knudsen number K 
where 

• 	 K 
= 	Mean free path in source 

- 	smallest dimension of árifice e.g. slit width 

is greater than I. For the reverse condition K <1 hydrodynamic or bulk 
flow occurs through the orifice and for some distance down stream. C011isions 
are frequent and a degree of energy transfer from the internal modes of the 

-• 	molecules to beam translational energy Occurs. 
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(i) Effusive sources K> 1 

Historically the earliest (L. Dunoyer, 1911) and still the best characterized, in 
that the beam properties can be fairly accurately predicted, is the effusion 
source or 'oven'. This consists of a small chamber containing the beam 
material as a vapour at a pressure of a few torr. The beam leaves the chamber 
via a narrow slit —0.02 mm across and perhaps 10 mm tall. The gas pressure 
in the source is adjusted so as to produce molecular effusiOn rather than bulk 
flow through the slit. This condition is fulfilled by making the mean free path 
in the source greater than the slit width (Ks > 1). The slit height is not 
critical in this respect. 

Under these conditions simple kinetic theory considerations predict that 
the number of molecules, N, leaving the source per second is: 

Nn1JA S  forn1/Wa 	 (3.18) 

where A. is the area of the slit, n is the number density and ii the mean 
velocity of the molecules in the source. The slit width is W and the molecular 
cross section a. 

Since the flux is equal into every solid angle element the angular 
distribution of the molecules emerging from the slit follows a cosine law. The 
flux at 0 from the forward direction and at a distance r is: 

1(0, r) = I  niiA s  cos 0/irr2 . 	 (3.19) 

In terms of source pressure p, temperature and molecular weight: 

I(0,r) = 1.11 x 10 20Apcos0/r 2 M7)" molmm 2 s', 	(3.20) 

or 

I(0,r) = iii X 1020 Apcos0/Mflmolsr' s'. 	(321) 

At a distance of 1 m from the source the intensity for any gas will be of 
the orderS x 1010  mol mrn 2  s' . Thus for a typical detector with an angular 
resolution of 0.1 0  a flux of 10 10  - 10Ii  molecules per second will fall on the 

detector. 	 - 
The cosine law flux distribution from an effusive source, Fig. 3.5 is very 
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2r 

Fig. 3.5 Cosine distribution of flux from an effusion source 
(dashed line). The solid curve shows the distribution for a short 
canal (length = diameter). Reproduced from N. F. Ramsey, 
1956. 

broad and considerable collimation is required to produce a well defined 
beam. The directivity in respect of our standard beam (0.1 ° ), that is the ratio 
of useful molecules in the beam to the total number emitted from the source 
is only 10 . Simple effusion sources are thus relatively uneconomic in 
their pumping requirements. 

The velocity distribution in the emergent beam is readily calculable. Since 
the slit is narrow compared to the dimensions of the source the gas inside is 
in thermal equilibrium with a Maxweffian velocity distribution: 

N(u)dv = 	exp(— u 2 /&)dv 	 (3.22) 

where a is the most probable velocity (2RT/M)'12 and C is a constant. 
The number of these molecules which escape per second depends upon their 
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velocity. The distribution of velocity in the beam is therefore: 

vN(v) i.e. 

dv 
f(v)dv = c('- exp(— u2 /a2 ) -. 	 (3.23) 

a 

For many purposes this, distribution is too wide to yield the required energy 
resolution and some form of velocity selection might then be used. The 
velocity distribution calculated is found to hold well in experiments except at 
the lowest velocities in the tail of the distribution. Here slightly lower 
intensities than predicted are observed, probably due to collisions scattering 
out the slow molecules from the beam. 

The energy range over which useful beam intensities can be obtained is 
about a factor of 5 centred on kT for the source temperature. The maximum 
energy available even with high temperature operation of the source thus lies 
in the region below 1 eV. 

Since the source operates at thermal equilibrium and very few collisions 
occur in the beam itself the effusion technique produces an equilibrium 
mixture of internal states and molecular species. This can be an important 
advantage. We shall see later that many of the other types of beam source are 
much less well defmed in this respect. Furthermore by heating the source the 
internal distribution can be changed in a controlled fashion. 

The effusion source is very simple in construction. For condensable 
materials such as alkali metals, single or double chamber ovens may be used in 
which the source both contains 'the charge of beam material and maintains 
thermally, the required operating vapour pressure. The second chamber can 
then be used to vary the vapour temperature without altering the vapour 
pressure, in this way varying the velocity distribution in the emergent beam. 

The heaters for effusion sources of this general type are normally made 
from Nichrome or tantalum wire. They are arranged so as to raise the orifice 
or slit temperature somewhat above that of the bulk of the oven; thus 
preventing condensation and blockage of the slits. Other problems arise from 
corrosion, particularly around the defining slits. Monel is the usual material 
for these ovens but for some very corrosive species such as the halogens it 
may be necessary to construct the source from graphite or to use gold slits. 

Some materials, e.g. NaOH, are especially prone to bumping or 'spritzing' 
in the ovens producing unstable intensities in the beam. This difficulty may 
be minimized by careful control of the temperature when initially heating the 
charge and by the use of baffles inside the source itself. 

Some typical designs of effusion source are shown in Fig. 3.6 
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In practice these sources are usually operated at somewhat higher  pressures 
than those yielding strictly effusive flow. The intensities obtained are then 
somewhat higher and rather more material is concentrated in the forward 
direction. 

A much greater improvement in directivity while still maintaining the 
effusion condition can be achieved by the Use of long canals or arrays of such 
canals in place of the thin defining slits at the orifice of these sources. For a 
single long canal the directivity is improved by a factor 31/8r. The critical 
distance for the mean free path now being the canal length 1 rather than the 
aperture radius r. This longer mean free path and the consequent lower 
operating pressure in the source means that the forward intensity in the beam 
is less than that from a thin slit. The advantage lies in the greater directivity, 
the gas load for a given intensity falling by the factor 31/8r. 

Much more useful are arrays of such canals. In particular glass plates 
containing multiple parallel capillaty tubes with radii down to 3 p and an 
overall transparency of 75 percent can be obtained commercially. For a given 
total gas load a higher forward flux can be obtained from these arrays than 
from a thin slit (provided that the mean free path in the source is comparable 
to the tube length). 

The improvement in forward intensity compared to that produced by a 
thin slit orifice operated at the s ame pressure has been calculated by J. A. 
Giordmaineand T. C. Wang (1960) to be: 

1(0) array 	_0.32  ( ~ )% 1 

1(0) thin orifice - ir' N 	
(Ann) 14 	(3.24) 

where A is the total source area, r is the transparency of the array, m the 
number of holes in the array, N the total flow rate in molecules s', d the 
collision diameter and the mean velocity of the molecules in the source. The 
half intensity width of the array and the thin orifice beams are approximately 
in the inverse ratio of their forward intensities as given by Equation 3.24 
above. The actual experimental performance of these arrays is a little worse 
than that predicted, presumably due to collisions between molecules 
emerging from different channels (J. C. Johnson, et al., 1966). 

As the pressure inside any of these array sources is raised, the effective 
channel length decreases until eventually the array behaves like a thin orifice 
of equal effective area. This behaviour is nicely illustrated in Fig. 37. The 
maximum forward intensity obtainable from these arrays is thus no better 
than from an orifice. The improvement in directivity obtained, however, is 
considerable, Fig. 3.8. 
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Fig. 3.7 Comparison of forward intensities at lm versus total flow 
(i.e. gas load) for a channel array (1) and an orifice source (2). 
Reproduced from H. Pauly and J. P. Toennies, 1965. 

The most important application of these devices is in the cross or target 

beam source where a relatively extended target region is permissible and the 
minimum gas load is desirable. Glass arrays are now available in quite large 
sheets —5 cm and in a variety of geometries. Some workers have recently 
described shaped arrays in which the channels are not parallel but are angled 
so as to bring the beam material to a fairly well defined focus. Clearly 
collisions within the converging beam must limit the densities achievable and it 
is not yet clear how useful this technique will prove. 

The velocity distribution from an array source has been reported to be 
slightly deficient in slow velOcities as compared to the effusive v 3  
distribution. 

- - (ii) Hydrodynamic flow sources, K < 1 

The hydrodynamic source is gaining very rapidly in importance, since 

intensities up to 103  greater than those from effusive orifices can be 
obtained. Thereseems little doubt that in cases where the intensity limits 
experimental performance hydrodynamic sources will be the normal choice. 
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I(8) 
1(0) 

60 	 40 	 0 	 40 	 80 

8 

Overall 
Tube Effective radius source Approximate 
length of single No. of diameter shape of tube 

Source cm tube cm tubes cm cross section 

A 0.66 1.65 x 102 224 0.51 Hexagonal 
B 0.31 2.35 x 10 1.28 x 10 1  1.3 Circular 
C 0.95 2.69 x 10 1.80 x 10 1.1 Triangular 

Fig. 3.8 Ratio of intensity at 0 to forward ,intensity for several 
sources and pressures. (Reproduced from J. A. Giordmaine and T. C. 
Wang, 1960). 

This type of source originated with a suggestion by A. Kantrowitz and J. 
Grey,- 1951, that the Maxwellian gas inside an effusive source be replaced by a 
supersonic jet of gas already moving in the beam direction. An arrangement 
to exploit this idea is shown schematically in Fig. 3.9. The beam material 
emerges through a nozzle from a chamber in which the pressure is of the 
order 102_101 torr. The flow is hydrodynamic through this nozzle and a 
large jet of gas expands into the nozzle chamber. This jet strikes a truncated 
hollow cone known as the skimmer. In this way a sample of the rapidly 
translating gas is obtained and the remaining gas in the jet deflected away for 
pumping. In the region of the skimmer the flow changes from continuum to 
molecular, i.e. the collision rate drops very sharply. The post skimmer 
chambers serve to collimate the beam and to provide the differential pumping 
necessary. (See Section 3.3). 

Since the operation of this source includes the transition from continuum 
to molecular flow the actual conditions present in these gas jets has been of 
considerable interest (J. B. Anderson et al., 1965, 1966;E. L. Knuth, 1964). 
Although much progress has been made in their understanding a complete 
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B 	 C 	 D 

Pump 	 Pump 	Pump 	Pump 

Fig. 3.9 Schematic of a nozzle beam source. A, B, C, and D are the 
nozzle, collimation, experimental and detection chambers respec- 
tively. The separate differential pumping stages are a crucial feature. 

theory is still not available. However, from a users viewpoint a simple theory 
combined with some pragmatism in design and operation is usually adequate. 

The simple theory of the action of nozzle beams is based upon the 
assumption that the expansion is isentropic. The increase in forward velocity 
of the beam then comes from a reduction in the local enthalpy of the gas. 
The lowering in temperature, from Ti  to Tf, accompanying the expansion is 

given by: 

Tf/T1[1 	
—1 M 2] 	 (3.25) 

where y = C,,/C, and M is the Mach number in the collision free zone down-
stream from the jet. The Mach number is defined as: 

M= v/c 	 (3.26) 

where V is the bulk velocity and C the local velocity of sound. Typically 

M— 10 and so with 7=5/3, TflTi may approach 3 x 10, a very 
considerable degree of cooling. In a beam of molecules having internal energy, 
some of the energy for the increase in forward translational energy can come 
from vibration and rotation and it is hard to predict in practice whether 
relaxation among all the degrees of freedom is complete (this would be 

reflected.in  the value of'y used above). The marked lowering of the relative as 
opposed to the bulk kinetic energy of the beam molecules can result in 
dimerisation or clustering in certain cases, there being enough collisions to 
stabilise thesynew species (R. J. Gordon et al., 1970). 

The increase in forward velocity after expansion can be calculated in the 

ideal case to be: 
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Vf/uf.M 	
Ti.) - G  	(3.27) 

Again taking a Mach number of 10, but with a beam of diatomic molecules in 
which rotational relaxation is complete (y = 7/5), we find that the increase in 
translational energy compared to an effusive source of the same temperature 
is twofold. From the decrease in the internal temperature of the beam we can 
also calculaje the width of the velocity distribution after expansion:— 

	

u 	2½ 
(3.28) 

Finally the actual forward intensity of a nozzle beam 1(0, u) as a function of 
velocity can also be calculated from simple kinetic theory. If no  and a0  are 
the number density and velocity in the source, A the area of the skimmer and 
M is the Mach number at the skimmer. Then Anderson and Fenn have shown 
that: 

I(o,v)— 	) lj-7 - 1 + ' 2 
n0A3 	 -1  M-'

I 
3 /2 —(1fy--I) 

Ir 	a0 , L 	2 

I fur 7 	112 7½M\2 

.' 	
(3.29) 

j 
exp -i-1 l 	i +M

2  l 
2 	]  

In comparison with an effusive source the ratio of forward intensities at the 
most probable velocity is approximately 

mnozzie(V) 	= no  nozzle 
(3.30) 

'effusion(Vmost prob.) no effusion 

For Mach number >5 (the interesting range) 1(M, 7) 9 for monatomic gas 
and 80fM2  for diatomics. The improved intensity provided by a nozzle source 
thus originates very largely in the greater source densities that can be used. 
The vital advantage lies in the removal of the effusion constraint on the mean 
free path in the source. 

The elementary calculations presented so far have all been in terms of the 
Mach number. The actual development of this ratio as the expansion proceeds 
has been calculated by P. L. Owen and C. K. Thornhffl, (1948). With the. 
important proviso that the expansion was free and without shock waves their 
calculation yielded the prediction illustrated in Fig. 3.10. Here the Mach 
number in a free jet is shown as a function of the ratio of distance 



Chemical Applications of Molecular Beam Scattering 

XMP0 IPb = 	 02  

' Zy=5/3- 

0 
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Fig. 3.10 Calculated values of Mach number at distance L down' 
stream from nozzle of diameter D. Location of Mach disc XM for 
varOus pressure ratios is shown on top. Reproduced from H. Pauly 
and J. P. Toennies, 1968. 

downstream from nozzle to the nozzle diameter. Thus naively by selecting a 
suitable skimmer nozzle distance we might expect to produce a beam of any 
desired Mach number and hence be able to predict the other characteristics of 
the beam. Unfortunately while it is true that the nozzle skimmer distance is 
of prime importanôe a number of other factors, complicate the picture. 
Firstly J. B. Fenn and J. Deckers, 1963, have found that in contrast to the 
Owen-Thornhill calculations in which Mach number increased monotonically 
a definite maximum or Terminal Mach number is reached. Here the collision 
rate becomes so low that free molecular flow occurs and no further 
expansion takes place. They find the Terminal Mach number MT to be given 

by: - 

MT l.2() 	 - 	(331) 

where Xo  is the mean free path in the source and D is the nozzle throat 
diameter. 

A second complication arises from the presence of shock waves in the 
expanding jet. From Schlieren photographs these shocks are known to have 
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Fig. 3.11 Flow lines and shock fronts in an expanding gas jet. Reproduced 
from H. Pauly and J. P. Toennies, 1968. 

broadly the configuration shown in Fig. 3.11. Particularly important is the 
shock front perpendicular to the flow direction known as the Mach disc. This 
shock is believed to originate in collisions of the beam molecules with the 
background gas. Its position varies roughly as [nozzle pressure/background 
pressure] " and its location is shown in Fig. 3.10. 

Forward of the Mach disc the expansion is approximately free and the 
ideal Owen-Thornhill calculations are reasonably valid. Aft of the disc 
recompression of the gas occurs and the beam is attenuated. In practice many 
workers have found an optimum nozzle - skimmer distance to exist. At short 
distances nozzle-skimmer interference appears while at large distances the 
Mach disc degrades the beam. 

Fenn and Deckers have found experimentally that the intensity actually 
observed •compared to that predicted by calculations is decreased approx-
imately in the ratio Knudsen No. at skimmer — M. In practical operation the 
nozzle skimmer distance is adjusted to yield the optimum beam flux. Under 
these conditions the mean free path at the skimmer is several times the 
skimmer aperture and the exacr shape of the nozzle and skimmer are 
relatively unimportant (K. Bier and 0. Hagenna, 1963). 

The relative performance of the nozle and effusion sOurces have been 
compared by H. Pauly and J. P. Toennies, 1968, Fig. 3.12: It is clear that 
nozzle sources offer very much higher beam intensities and are much more 
economical in terms of forward intensity per given gas load than is the 
effusion source. However, the useful energy range is still rather limited. The 
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• 	 (1) Slit effusion source 

	

- • 	- 	(2) Multi channel effusion source 
(3) Nozzle source (transition region) 

• 	 (4) Nozzle source (hydrodynamic flow) M = 10 
Aperture- area same for all sources. Reproduced from H. Pauly and 

- . 	 J. P. Toennies, 1968. 
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beam energy available being roughly: 

	

E 
= Tnozzie 

cdT 	 (3.32) 

i.e. a few tenths of an eVat normal operating temperatures. 

(iii) Constructional details 

In a nozzle source the major design consideration will be the provision of 
sufficient pumping speed to handle the large gas flows produced by this type 
of source. As already discussed (Section 33) this will inevitably involve 
several stages of differential pumping. Much of the design effort will be 
expended in securing a compact design, minimising the beam path length but 
at the same time providing sufficient pumping speed along the beam. If the 
beam materials are condensible the pumping requirement is considerably 
eased since cryogenic pumping can be used. Other considerations will be the 
operating temperature of the nozzle and any corrosion problems. 

A typical nozzle source (J. G. Skofronik, 1967) developed for beam 
experiments is shown in Fig. 3.13. The nozzle, sldmmer and collimator were 
accurately machined from brass and precisely aligned in an aluminium mount. 
The nozzle is arranged to slide in this mount so that the nozzle skimmer 
distance can be varied during operation. The external angle of the skimmer 
was 86°  and its internal angle 700.  The nozzle chamber was pumped by a 
40 cm oil diffusion pump and the collimation chamber by a 10 cm one. The 
operating pressures were 200 tôrr stagnation pressure in the nozzle, 5 x 10 
torr in the skimmer chamber and 106  ton in the collimator. With this 
system the observed intensity shows a maximum as the skimmer nozzle 
distance is varied. For N 2 , H2  and He beams intensities of4 x 1018,  3 x 1019 

and 1.5 x 1019 molecules sr' were achieved. 
A rather simpler design for alkali metals has been -described by E. 

Hundhausen and H. Pauly, 1965. In essentials their source is simply an 
effusive oven fitted with a narrow convergent divergent slit. It is operated at 
much higher pressures than appropriate for an effusion source and is provided 
with sufficient pumping in the form of cryo panels to handle the vapour load. 
In another series of experiments using an inhomogenous magnetic field to 
separate the paramagnetic K atoms from K 2  it was shown that the dimer 
concentration was not markedly different from that obtaining at equilibrium 
in the nozzle chamber provided that the expansion was not taken beyond 
Mach 10. At higher expansions the fraction of dimers rose rapidly (D. 
Morgenstern and D. Beck, 1967). 
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Fig. 3.13 Nozzle source fornon-condensibles (J. G. Skofronik, 
1967). The figure also shows the scattering chamber used with 
this source. 

A design using liquid He pumps is shown in Figs. 3.14 and 3.15. Intensities 
for Argon of 4 x 1018  molecules sr' s' were obtained. 

Nozzle sources have also been used to produce beams of dissociated atoms 
by combining the nozzle source with an R.F. discharge. In Fig. 3.16 a source 
developed to produce 0 atoms is •shown. Here the nozzle chamber 
incorporates an R.F. loop so that a discharge may be maintained in the range 
15-70 tori. The gas feed to the nozzle was a mixture of 95 percent He and 5 
percent 02. With this gas mixture the 02 is approximately 30 percent 
dissociated by the discharge. 

Since the helium is present in large excess the bulk flow velocity through 
the nozzle and into the skimmer is governed by the helium. The oxygen 
atoms and molecules ride with the jet as passengers at almost the same bulk 
speed as the predominant helium. The heavier 0 and 02 are thus accelerated 
into the beam with velocities equal to the helium atoms, corresponding at 
their heavier mass, to energies much above thermal. For the system described 
an 0 atom flux of 101 7 atoms sr' s with translational energies up to 

033 eV was obtained. 
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Fig. 3.14 Nozzle source using liquid He cryopumps (G. 
Scoles and F. Torello, 1967). 
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Fig. 3.15 Scale plan of nozzle source shown in Fig. 14 (G. 
Scoles and F. Torello, 1967). 

3.5 Beam sources - superthermal energy 

A wide range of techniques has been used to produce beams with energies 
• above those obtainable thermally. The lower end of this energy range 

1-20eV has proved the most difficult one in which to work. This is 
particularly disappointing since this region is the most interesting of all to 
-chemists embracing as it does the dissociation energies of all chemical bonds 
and the activation energies for most chemical reactions. In this region nozzle 
sources have been pressed into service either by running them at elevated 
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Fig. 3.16 Nozzle source with R.F. discharge to produce 0 atoms in 
mixed 02 /He 95% gas (D. R. Miller and D. F. Patch, 1969). 

temperatures or by using the 'seeded beam' technique mentioned in the 
previous section. Recently a sputtering technique has also been used in which 
a-solid target of the beam material is bombarded by high energy ions and the 
sputtered material collimated and velocity selected to form a beam. 

In the energy range above 20 eV the charge exchange source is paramount. 
Here the beam material is first ionized -and focused into a well defined and 
reasonably monoenergetic ion beam. This ion beam is then neutralized, 
usually by runningit through a thin gas target of the beam material itself so 
that resonant charge exchange Occurs. l'his technique is extremely con-
venient but limited in intensity at low beam energies by space charge effects. 

(i) Nozzle-sources for energies above 1 eV 

The seeded -beam method of aerodynamic acceleration can be applied to any 
heavy species. In this method a small percentage, e.g. 1-5 percent of the 
heavy beam molecule is mixed with a light inert carrier gas, usually helium, 
and expanded through a nozzle. The bulk flow rate is determined by the 
helium mass, the beam molecules riding along at this velocity. The final beam 
produced by skimming and collimation in the usual way thus consists of low 
energy helium atoms plus the high energy beam species. The technique is 
especially useful since it can be applied to fragile molecules that would not 
withstand acceleration by more violent means such as high temperatures. The - 
energy, E, available with this method assuming that the heavy particles are 
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accelerated to the same velocity as the light carrier gas, is: 

E = Mb earn Tnz1 CdT 	 (3.33) 
- 	 Mcarr ier  

where Mb eam  and Mcarr i er  are the molecular weights of the beam and carrier 

molecules. 
• 	In practice some degree of 'slip' occurs between the velocities of the two 

species. For small mole fractions the slip is quite small. This technique has 
been applied to a wide range of species, Fig. 3.17. Intensities are typically 
101 6 molecules sr s'. For experiments in which the presence of the carrier 

gas in the beam is no disadvantage this technique is likely to be most valuable. 
•  Another approach to producing fast beams from nozzle Sources hin used a 

plasma jet technique (R. W. KesSler and B. Koglin, 1966). Here the nozzle is 
arranged so that an arc can be burnt in the nozzle itself, thus raising the 
effective stagnation temperature to several thousand degrees. A device of this 
type, Fig. 3.18 has produced Ar beams of 3 eV energy and an.intensity of the 

order 10' 9  atoms sr' s'. The further combination Of this type of very high 
temperature source with the, seeded beam method could lead to even higher 

• 	energies, e.g. 20 eV for Ar in Ar/He mixtures. 

lb CH4 	ON 	H 2 S C3H6. C4H 10 

NH 3 	13C2H4 	A 0N20 

C0 , 
CR6 

CH36I Xe SF6 

900 K 

0 
600 K 

•eV 300 K 

-. •
- -, 
	 . 	 - 	

- Helium mixtUes 

•• 

	• 	

- 
0 	 lop 

Solute molecular weight (g mol) 

Fig. 3.17 Examples of molecules accelerated aerodynamically in 
Helium mixtures. (Reproduced from N. Abuaf, 1966). Molecular 
species are shown above their respective data points. 
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Fig. 3.18 Arc nozzle source (R. W. Kessler and B. 
Koglin, 1966). 

Heating the gas in the nozzle chamber by a shock source can yield even 
higher intensities (G. T. Skinner, 1966). A system for beam production using 
this technique is shown in Fig. 3.19. Very high intensities of the order 1021 
molecules sr' s at 2 eV can be obtained. Unfortunately the source is of 
necessity intermittent providing a beam pulse of oily a few miiseconds 
duration and of poor duty factor. Correspondingly the pumping requirements 
are modest since the experiment is complete before the base gas pressure has 
risen. A disadvantage is the rather ill characterized nature of the particles in 
the beam, e.g. metastables may be present. 

(ii) Sputtering sources 

The sputtering of a solid target by energetic ion beams has been developed by 
the Amsterdam group to yield a very useful beam (J. Politiek et al., .1968). 
The device is shown in Fig. 3.20. The distribution of velocities in the ejected 
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Fig. 3.19 Nozzle beam source with shock tube driver (J. B. Fenn, 
1968). 

atoms is relatively broad ranging from 0.2-45 eV for K, so that a velocity 
selector is essential. The intensity distribution for a .K beam (though the 
device is not limited to alkalies) is shown in Fig. 3.21. Intensities appear to be 

atoms sr 1 	,rather low. 

(iii) Charge exchange beam sources 

Sources- of this type depend upon the fact that the cross-section for the 
resonant charge transfer process, i.e. 

fast -4 	 fast 

x++ x-. x + x 

is very much larger than the momentum transfer -cross-section. If a well - 
focused ion beam with a narrow energy distribution is passed through a thin 
gas target of the parent species charge transfer occurs with high probability. 
Furthermore the neutral species so provided retain most of their original 
directivity and energy distribution. The unexchanged ions can finally be 
swept out of the beam by a deflection field to leave the fast neutral beam. 
The technique is illustrated schematically in Fig. 3.22. 

- This ion technique is extremely convenient since while still ionized the 
beam may be mass analysed, deflected, modulated, etc., in a straightforward 
manner. The major drawback is that only relatively low intensities can be 
obtained, particularly at the lower beam energies, i.e. 20 eV. 

This difficulty isa fundamental one due to the mutual repulsion or space 
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Fig. 3.2 1 Velocity distribution from a sputtering source. Dotted line 
is flux calculated for an effusion source at same temperature. The other 
two lines represent measurements with a single and multi bounce surface 
ionizing detector. (J. Politiek et aL, 1968). 
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Fig. 3.22 Schematic arrangement of a charge neutralization 
- - beam source. 

charge effects which limit the density that can be obtained in an ion beam. 
Very careful work indeed - is needed to produce ion beams with energies below 
5-10eV. 

The maximum ion current that can be focussed into a beam of divergence 
ywith energy VeVis: 

e 	1/2 

/ 	'max = 4.67 	
() 	

X V 3t2  tan 2 	 (3.34) 

	

- - - 	where e is the electronic charge and M the mass of the ion. 
Beam fluxes after neutralization are necessarily less than this. In practice 

neutral fluxes ofthe order 1012  atomssr s' at 5 eV rising to 1016  at 100eV 
have been obtained. At the lower energies this is many orders of magnitude 

	

- - 	less than that obtainable by seeded nozzle beam methods. 
' 	The actual production of these ions may be via electron bombardment as - 

in the Nier source or by plasma discharges as in the duoplasniatron source. 
- • Alternatfvely some use has been made of surface ionization techniques since 

these may yield more monochromatic ion beams. The detailed design of these 
sources and their attendant lens and mass focussing systems has been 

• discussed widely by other authors and is 'a major. field in itself. We confine 
ouEselves here to referring readers to these other texts (J. B. Hasted, 1964;J. 
R. Pierce, 1954). 

A particularly simple and attractive surface ionising device described by R. 
K. B. Helbing and E. W. Rothe, 1968 1  is shown in Fig3.23. The ionization, 
acceleration and neutralization all take place, in a single chamber filled with 
alkali metal vapour, resulting in a particularly simple design. The ions are 
formed by ionization on a tungten wire and are then accelerated by a 
potential towards a mesh screen. Some of the accelerated ions are then 
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Fig. 3.23 Fast neutral alkali source. Exit slit on source box is 
1.6 x 6 mm, a baffle (not shown) is installed above the Cs reservoir to 
prevent splashing on the electrodes (R. K. B. Helbing and E. W. Rothe, 
1968). 

neutralized by collision with the neutral alkali vapour and exit via the slits. 
The velocity distribution produced by this source was narrower than the 
resolution of the selector (6 percent) used to investigate it. This source seems 
particularly attractive at the lowest beam energies -6 eV. 

A more conventionalexchange source is shown in Fig. 3.24 (B. S. Duchart, 
1971). Here ionization of alkali metals is brought about by surface ionization 
on a porous tungsten disc, the alkali diffusing through from a chamber to the 
rear. The disc is hted to 1500 ° C by a radiation heater so that ionization is 
more than 90 percent complete for potassium. The resulting ions are 
extracted at a few hundred volts, acceleratedin a second lens stage, steered 
by a series of X, Y deflection plates (which may also be used to pulse the 
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Fig. 3.24 Charge neutralization neutral beam source using surface 
ionization (B. S. Duchart, 1971) 
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beam for time of flight measurements) and finally enters the charge exchange 
chamber. This chamber is filled with alkali metal vapour by careful 
temperature regulation of a reservoir contained in the same chamber. 

This system produced a neutral flux of"l0 14  atoms sr' s at 100eV. 
The energy spead in the neutral beam as measured by time of flight methods 
was -'O.l eV. 

3.6 Sources for Excited Species 

The production of beams of excited species is an important requirement since 
the scattering technique is uniquely suitable for studying the collision 
properties of such short lived species. The production, of translationally hot 
atoms has already been discussed, here we consider species with internal 
excitation. The lifetimes of these species in the absence of collisions may be 
>10 -  s for some metastable atoms down to 10-8  s for species with an 
optically allowed electronic transition to the ground state. Depending upon 
the species required the state may either be generated specifically or selected 
from a much larger mixed population (e.g. from' a thermal equilibrium 
distribution). The selection devices are described in Chapter 4. 

In general these techniques are simply a combination of the methods used 
to produce excitation in bulk experiments with the beam 'production 
methods already described. The most important are thermal, electron impact, 
optical pumping and chemical reaction. 

(i) Thermal dissociation sources 

This is perhaps the simplest technique and is suitable for exciting states with 
an energy comparable to kT for the, oven or arc source used. It is thus suitable 
for producing most dissociated atomic species (except N) and the ground 
state fine structure levels of B, Al, Ga, In, 11, Cl, Br, etc. The major problem 
with these sources are corrosion and in the dimensional instabilities which can 
occur at high operating temperatures. 

A typical design for a dissociated atom source is shown in Fig. 3.25 (M. A. 
D. Fluendy et al., 1967). It consists of a hollow cylinder of tungsten (or 
graphite if for use with halogens) fed with gas at one end and heated 
electrically by a current '-'600A. A slit of width 25ji is machined in its side 
through which the atoms emerge. Two water cooled copper or nickel clamps 
provide electrical connections and secure the cylinder, which it clamped 
tightly at one end. At the other end expansion can occur between spring loaded 
jaws. With this source, intensities for H atoms of-'l0' 8  atoms sr' s' were 
obtained. A similar device with a graphite tube has been used for Br and I 
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Fig. 3.25 Thermal dissociation source for atomic hydrogen. The 
tungsten tube is heated by a 600A a.c. supply coupled via the 
water cooling pipes. The tungsten tube is free to expand 
longitudinally between the lower spring loaded copper jaws. The 
whole copper block and tube assumbly is mounted rigidly on a 
carriage adjustable from outside the vacuum (M. A. D. Fluendy 
et al., 1967). 

atoms(Y. T. Lee et al., 1969). Iodine can also be dissociated in a monel oven if 
gold slits are used (M. A. D. Fluendy et aL, 1970). 

Arc nozzle sources have also been used to produce atom beams of high 
intensity. If problems of stability and corrosion can be overcome this is likely 
to be an important technique. 

(ii) Electron bombardment sources 

This technique is a useful one for states with a lifetime of iO s or longer, 
i.e. metastable states. The first and most famous example is its use in the 
Lamb-Retherford experiment. Here an atomic H beam produced by thermal 
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Fig. 3.26 Electron bombardment metastable source. A standard oxide cathode 
- - -is-used spaced '-0.008 cm from the stainless (nonmagnetic) steel anode by a 

mica sheet. 

• dissociation in a tungsten oven was crossed by an electron beam of controlled 
energ,' to excite the metastable state H(2 2  S). 

A more recent source designed-to produce metastables for scattering work 
is shown in Fig. 126. A standard oxide cathode provides a source of electrons 

• which are accelerated into the slit in the anode through which a beam of Hg 
atoms in the ground state is passing. The electrons are collimated by a 
magnetic field. A typical excitation curve is shown in Fig. 3.27, peaks due to 

the 6 3 P0  and 3 D states can be seen. 
The use of an electron source with a reasonably narrow energy spread thus 

permits the selective -generation of these species: Intensities of the order 101 0 

atoms sr' s were obtained (E. C. Darwall, 1972). 
The extension of the electron excitation method to molecular species such 

- as metastable CO and N 2  also appears possible (R. S. Freund and W. 
Kiemperer, 1967; R. Clampitt and R. S. Newton, 1969). Another possibility 
is the use of certain negative ion resonances which decay to specific 
vibrational states. - 

(iii) Discharge sources 

- - 	- 	R.F. and microwave discharges have been used for the production of 
dissociated atoms either in an inert gas carrier (Figure 3.16) or as a pure beam. 

The mechanism is presumably again electron bombardment dissociation. A 
microwave source for atomic chlorine is shown in Fig. - 3.28 (L. Davis et al. 

1949). The source was mounted inside a microwave resonant cavity and fed 

- 	with 50 watts of power; between 30 and 60% dissociation was achieved. An 
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Fig. 3.27 Excitation curves observed for Hg using an 
electron bombardment source for metastable production 
(E. C. Darwall, 1972). 

alternative source (D. S. Home, 1969) is shown in Fig. 3.29 and uses an r.f. 
generator capacitively coupled to a quartz tube. Coating the inside of the tube 

according to the recipe of Ogryzlo (E. A. Ogryzlo, 1961) raised the C1 2  
dissociation from 36% at 0.8 torr to > 90% at 0.5 torr. A disadvantage with 
these non equilibrium non specific excitation sources is the possible presence 
of metastable states in the beam. - 

(iv) Optical pumping 

A technique similar to that described for electrons but using a photon flux as 

the exciting agent may be applied. The usefulness of this method depends very 
much upon the conjunction of a suitable absorption line and an intense light 
source. Even at saturation no more than 50% of the beam will be in the 
excited state. Depending upon the lifetime of the excited state the excitation 
may be applied either at the beam source or at the actual collision zone. If 



Lh 

I 
Fig. 3.28 Microwave discharge source for Cl atoms (L. Davis et al., 
1949) 
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Fig. 3.29 r.f. discharge source for atomic chlorine (D. 
S. Home, 1969). 

applied at the collision zone states with lifetimes as short as 10-8  s will 

undergo collisions. 
Microwave pumping of a vibration rotation line has also been used in 

conjunction with selecting fields to produce beams in a specified vibration-
rotation state (T. G. Waech and R. B. Bernstein, 1968) and Chapter 4. 



CHAPTER FOUR 

Energy and State Selection 

- - 	In a thermal beam source a wide range of rotational and translational states 
are populated. This population, with some modification if there is hydro-
dynamir flow at the orifice, will persist in the emerging beam. The ideal beam 
experiment requires complete selection of the quantum states of both 
collision partners, but we will find that this ideal is only partially achieved. 

Translational energy selection, through velocity selection, is always possible. 
Spin, rotational and even vibrational states can be selected but these cases are 
not yet numerous, comprising perhaps a dozen atoms and molecules. 

State selection and focusing are often achieved simultaneously. 1f a 
molecule passing through the selecting device executes simple harmonic 

motion in its lateral movement then the possibility exists for focusing and the 
focal length will, in general, depend on the quantum state of the molecule. In 
designing a scattering experiment incorporating some state selection, the loss 
in intensity that results from using only a small fraction of the parent beams 

might seem to be crippling. In general, if more than one property is being 
selected in a beam (e.g. velocity + orientation) or if both beams are being 
selected (e.g. for velocity) then one of the selectors must have a focusing 
capability to recoup intensity. 

The performance of these devices is ultimately limited by the constraint 
provided by the Liouville equation in that the density in phase space of the 

parent beam cannot be increased. Selectors. may therefore isolate small 
volumes from this population, may accelerate them to other regidns of phase 
space or distort them in other ways. They can never increase the density of 
molecules within a specified range of state parameters so that sources with a 
low characteristic temperature are desirable. 

96 
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In some cases it is possible to alter the population of quantum states by 
optical pumping. The limit to the population change comes when the 
temperature (electronic, rotational etc., as appropriate) of the sample reaches 
that of the source of radiation. The effect of such population changes in a 
beam on scattering from the beam depends upon the lifetime of the excited 
state and is an interesting but, as yet, little used tool and will not be discussed 
further here (R. E. Drullinger and R. N. Zare, 1969). 

4.1 Velocity selection 

Almost every scattering phenomenon is velocity or energy dependent. In 
Chapter 2 it was found that the classical differential and total cross-sections 
for scattering under the influence of any potential, other than the hard 
sphere, were velocity dependent. In Chapter 6 it will be shown that the new 
effects that arise when quantum mechanics is applied to scattering, which 
may be generally classed as interference effects, are also velocity dependent. 
Furthermore, it is commonly found in chemical kinetics that reaction rates 
are an exponential function of temperature and this implies that the reaction 
cross section is energy dependent:Finally, it has been seen that the apparatus 
resolution depends upon the beam velocities, as does the Jacobian for 
transforming between laboratory and centre of mass co-ordinates. 

Much information will thus be lost, together with one of the unique 
capabilities of beam experiments, unless scattering patterns are measured as a 
function of the relative velocity of the beam particles. Velocity filters select 
molecules whose velocity falls. within a segment of the parent velocity 
distribution and we define the velocity resolution as the width v of this 
truncated distribution at half intensity divided by the median velocity 
transmitted. An important question in the design of the beam experiment is 
the amount of velocity resolution that is required and the amount that is 
practicable, having regard to the available beam intensity. 

The usual requirement in the total cross-section experiment is that 
sufficient velocity resolution be available to identify the quantum 'glory' 
oscifiations in the cross-section. The origin of these interference effects is 
discussed in detail in Chapters 6 and 7; suffice it at this point that these 
undulations are located at velocities v,1  such that: 

Un  '€a/hN 	 (4.1) 

where e,o are the potential parameters and N= 1, 2, 3 indicates the first, 
second, third etc., oscillations in the cross section (counting from high 
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velocity downwards). Thus to resolve these oscillations up to M, we need a 
resolution: 

	

VVj,q_1 	1 	
(4.2) 

	

V 	VM 	M-1 

and generally M 5. 
As already seen in Chapter 2 the gross features of.a(0) versus 0 plots at 

different energies are superimposed .to a good approximation by plotting a(0.) 
against E0. The resulting spread in a(0) due to simultaneous uncertainties in 
v and 0 is then: 

u(0) 	u 	0 
(4.3) 

Thus if the angular resolution L0/0 required to resolve a given feature in the 
differential cross-section is known the velocity resolution A vlv, required will 
be approximately half this. The question of angular resolution has already 
been discussed in Chapter 3 and will be considered further in Chapter 7. 

The price paid in intensity for this level of resolution depends upon the 
velocity distribution in the parent beam. For a V3  Maxwellian distribution, 
the fraction of molecules with velocities within ± u/2 of the most probable 
velocity v'' is 

1.00iv/u'' 	 (4.4) 

Velocity resolution 1-10 per cent is commonly aimed at. 
In an orthogonal crossed beam experiment, the relative velocity 0r is given 

by 

	

V r V 1 VB 	 (4.5) 

and if 0A >> 013, Ur/Vr  VA/VA and the faster beam only is velocity 
selected. If the unselected beam has a V3  Maxwellian distribution, the full 
width at half intensity Lv 13 /v 8  is 0.95. Substituting this into the expression 
for the overall spread in the relative velocity: 

Vr/Vr 	VA/VA

2 

 + 	
IVB\ 

2
VA 	

VBI) 	 (4.6) 
\Vr/ 	 \0r1 
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sets a lower limit on fU r /Ur  of (v8/v1 )2 , though it must not be forgotten 
that the spread in cross' beam velocity also introduces a spread in the 
direction as well as the magnitude of Ur. 

Velocity selection of neutral particles is usually performed mechanically 
by passing the beam through a series of phased choppers so that only those 
molecules movinin a narrow velocity band arrive at each chopper as it opens 

and so are transmitted (Fig. 4.1). The actual form of the device varies but is 
typically a series of thin slotted discs locked together and rotating about an 
axis parallel to the beam direction. The principle is an old one (J. A. Eldridge 
1927), has been improved in the last two decades (R. C Miller, and P. Kusch, 
1955; H. U. Hostettler and R. B. Bernstein, 1960; J. Wykes, 1969) and the 
size has progressively decreased, the slots now being cut by photo.etching. 
Occasionally space can be saved by adopting a slightly different geometry 
(L. T. Cowley et al., 1970; A. E. Grosser et al., 1963; S. 0. Colgate and 
T. C. Imeson, 1955) in which the beam passes across the surface of toothed 

'concentric cups, Fig. 4.2. 

For discs of negligible thickness, design is simple with the aid of a diagram 

of the type shown in Fig. 4.3. The motion of a molecule is displayed 
relative to the discs as stationary so that a tangential component v is added 
to the forward molecular velocity Urn, where v is the peripheral speed of 
rotation of the discs. The trajectory of the molecule then makes an angle 
with the axis of the rotor, where 

tan a = Uc /U rn  

1 

Fig. 4.1 A multi-disc velocity selector. Some of the 
particles in each pulse arrive at the next disc in time to 
pass through a slot. 
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Be 

Fig. 4.2 Alternative design of veloc-
ity selector using only the motor 
bearings. 

Molecules will be transmitted when: 

tan 

where A is the offset of the exit slit from the entrance slit (see Fig. 4.3) and L 
is the distance between first and last discs. The median velocity transmitted is 

- - Urn = 2RwL/ = (4.7) 

where 27rRw is the peripheral speed of the selector disc, u. Typical speeds of 
rotationare 10,000-20,000r.p.m.,1eadingtovaluesforv - 5— 10 x 103  cm 

s for discs '-5 cm radius - approaching molecular velocities and strength of 
materials limitations. 
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Fig. 4.3 The design of a slotted disc selector. (a) Molecules with the design 
velocity (I) are transmitted, but so are those (2) with '4 of this speed. 
Those moving with '/2 the design speed are stopped on the face of the 
second disc. The offset of each disc is determined from the vector diagram 
(see Equation 4.7), (b). The half width of the velocity bands transmitted is 
calculated from (c) ,  in which only half those molecules with speeds v± 2 

(shaded) are transmitted. (d) is the resulting velocity distribution (shaded), 
in which the outer envelope is the parent distribution. 
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The resolution of a mechanical selector of the parallel disc type is 
determined solely by the slit width S and the separation L. If the velocity 
distribution in the incident beam is effectively constant over a range of 
velocities transmitted (as would be the case for a high resolution selector 
working at the most probable speed in a Maxwellian distribution) the velocity 
distribution of the transmitted particles is triangular. The velocities at half 
intensity of this distribution, v±'12 , are found from the condition that 
mólecules travelling withthese speeds are only transmitted if they enter the 
first slit before it is half open for v_,2  or when it is between half and fully 
closed for v,2 . From Fig. 4.3(c), 

tan a '/2 = ( ZA ± S12)/L 

so the velocity resolution for a particular band (full width at half height) 
when Vc < V M  is: 

(4.8) 
VM  

Thus once the working velocity and resolution required have been decided 
substitution into Equations 4.7 and 4.8 will yield simple relations for the 
selection of rotation speed, selector length and slit width. 

It is usually desirable to keep the selector length as short as possible to 
minimise I IL 2  losses in intensity. The design then reduces to determining the 
maximum tip speed that can be produced and the smallest slit width 
practicable. A typical set of dimensions is: 

Speed of rotation o 10 000 rpm 
Radius of disc R 5 cm 
peak transmitted speed Vm 5 X 104  cm/s. 
Slit width S 1 mm 
LengthL 10cm 
Overall offset E, 1 cm 
Resolution CR112  ± 5% 

Mechanical velocity selectors become rapidly less useful at molecular 
speeds above iO cm s . From Equation 4.7 it is seen that as Urn increases, 
either (i) w must increase in proportion or (ii) L must increase in proportion 
or (iii) A must decrease in proportion to Urn. If solution (i) is adopted, an 
upper limit is set by the mechanical strength of the discs; (ii) results in 
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increasing loss of intensity (ce ilL 2 ); (iii) has the disadvantage that in order to 
maintain the same resolution with increasing Urn, the slit width S must be 

decreased in proportion to (from Equation 4.8). If slits are to be made 
narrower than 0.002" machining and especially alignment problems arise. 

With S = 0.002", and w = 10000 rpm L = 10 cm, the maximum speed 

transmitted with a resolution of 5 per cent is 10 5  cm s and this perhaps can be 
doubled by changing some of the other design parameters. At higher 
velocities time of flight or methods depending upon magnetic deflection of 

the beam are more useful. 
The overall transmission of the slotted disc selector can be defined for a 

parallel incident beam as 

I\ 
T=( 

nS  J _6 v2 	 (4.9) 

so for 61,1, = 10 per cent, T - 5 per cent when the tooth: slit width ratio is 1: 1. 

A two disc selector has the disadvantage of transmitting sidebands, that is, 
molecules whose speeds are certain rational fractions of the design speed Urn. 

How this arises can be seen from Fig. 4.3. In the design shown the exit channel 
for the design speed is indexed as n + 1, where the entrance slit is the nth. 
Inspection of the figure shows that, with only two discs, slower molecules can 

exit through slots n + 2, n + 3, etc., if they have speeds Urn!2 , Urn!3  etc., and 

molecules having speeds >2Vm  (for equal tooth and slit widths) are 
transmitted through slit n. The fast molecules and those having U = Urn /2 are 

eliminated by inserting a third disc as shown; a fourth disc eliminates yet 
more sidebands and with five discs the elimination is virtually complete. 

If the original beam is generated by flow through relatively long channels, 
there is a deficiency of slow molecules in the beam, and complete elimination 
of the slowest sidebands is not a pressing problem. A selector with fewer, 
thicker discs might be appropriate here, unless designed for very high speeds 
when a low moment of inertia is essential. 

In an actual experiment, the incident beam is not parallel and the discs 
may have a thickness comparable to the slit width. Under these conditions, 
the transmission is best calculated by a computer sampling of trajectories 

through the device. 
These selectors are normally driven by synchronous hystersis motors, ball 

bearings of the dry self-lubricating type being used throughout the selector 
and motor. Careful attention to the dynamic balance of the rotor as well as 
accurate alignment of the discs is required. It is usually essential to provide 
water cooling for the bearings and drive motor. Further constructional details 
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may be found in (J. L. Kinsey, 1966). In a crossed beam experiment, the full 
analysis requires that the velocity of the product as well as that of the 
incident particles be measured. Unless many inelastic channels are open, the 
velocity analyser need not have good sideband suppression and merely serves 

- to pinpoint a particular process. In an experiment designed (K. T. 

Gillen et al., 1969) to find the correlation between the angle of inelastic 
scattering and the degree of internal excitation of the K! from the reaction 
K 1- 12  , a four disc selector was chosen for the incident K beam = 
14.4 per cent), the 12 .beam was unselected and a six disc selector was placed 
in front of the detector = 4.7 per cent). A relatively coarse primaly beam 
selector was appropriate because under the experimental conditions the 
velocity of the cross beam molecules was roughly one quarter that of the 
potassium. 

4.2 Time of flight methods (T.O.F.) 

There are at least two situations in which mechanical velocity selection is 
unsuitable. The first is when one of the beams is of unavoidably low 
intensity, e.g. a beam of metastable atoms. To insert- a mechanical velocity 
selector would reduce the density of molecules at the scattering centre at 
least tenfold, in addition to the loss arising from the transmission factor, 
simply because of the increased source/scattering centre distance. This might 
well make the time taken to accumulate a statistically significant signal, 
impracticably long. Time of flight methods help here by simply not taking up 
any space - a single disc or deflecting plate is sufficient to chop a beam. 
Secondly, at energies above a few eV the length/speed of a mechanical 
velocity selector becomes inconveniently high, but T.O.F. techniques have an 
almost unlimited energy range. 

The essence of the T.O.F. method is to chop one of the incident beams 
into a sequence of short pulses and to gate the detector in synchronism but 
with a measured phase and hence time lag. By scanning a range of time 
delays, a time of arrival spectrum (T.0A.) of the scattered particles is built 
up. In its crudest form, the technique becomes identical with phase sensitive 
detection (see Chapter 5) in which relatively low chopping frequencies are 
used and the phase is not varied. 

One of the earliest applications of the technique in beam work was that of 
S. N. Foner, 1966, who produced a chopped free radical beam of 50i sec. 
pulse width and gated a mass spectrometer detedtor over 20p sec. periods. By 
this means, molecules reaching the detector directly were distinguished from 
those bouncing from the walls. 
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T.O.F. methods have been applied to pulsed supersonic beams, (energy 
- 1eV), in particular to the determination of the velocity distribution of 
molecules scattered from solid surfaces, e.g. (P. B. Scott, 1965), and to the 
determination of the velocity distribution in nozzle beams themselves (W. E. 
Amend, 1968). This technique is only possible if a detector of sufficiently 
fast response time is available (see Chapter 5) and will be most valuable in 
systems where rapid gating of the beam is also possible. Thus, beams of 
metastable species excited by electron bombardment may be gated for. 
periods 108  s by pulsing. the electron beam and an Auger detector for 
these species has a comparable response time. The technique is particularly 
fruitful in ion-molecule scattering where the highest energy resolution can be 
achieved (J. Schottler and J. P. Toennies, 1968).  

There are not many general formulae that can be used in planning time of 
• flight experiments. The key to the design is the calculation of the spreading 
of the initial pulse by the time it reaches the detector. This, in turn, 
determines the pulse repetition rate if undue overlapping of the pulses is to be 
avoided. The potentialities of the method can be illustrated by the process 

K+1 2 	KIt+l, AE-1.9eV 

investigated between 5 eV and 100 eV. The purpose of the experiment is to 
map the angular distribution of the product KI and to measure its velocity in 
order to deduce its internal energy. We would like to measure the 
translational energy to ±10 per cent and hence the velocity must be known to 
±5 per cent. The KI, whatever its internal state, is considerably delayed with 
respect to the elastically scattered K because of conservation of momentum 
requirements and so is easily distinguished by crude T.O.F. analysis. 

The optimum set of values has to be found for the following parameters: 

The initial pulse width at source r. 

The path length from source to scattering centre, L. and from scattering 
centre to detector,Ld. 
The gate time for the detector, Td. 
The repetition rate, rg , which determines the duty cycle. 

In deciding r, the key factors are the extent of spreading of the pulse at 
the scattering centre and of the product pulse at the detector, due in both 
cases to the velocity distribution of the molecules leaving the source which 
would typically have a temperature of 1100 °C - 1200°  C. The order of 
magnitude of this spreading can be found by following the motion of a pulse 
that begins as a delta function in time; If the velocity distribution within this 



106 	 Chemical Applications of Molecular Beam Scattering 

pulse is initially v Maxwellian (appropriate for ions emitted from a surface), 
electrostatic acceleration imparts a new velocity vf to each molecule which is 
related to the initial velocity by: 

½m4=16mu+eV0 	 (4.10) 

where V0  is the accelerating voltage. Substituting this into the original 
velocity distribution and re-arranging to give the number of molecules 
between v 1  and Uf + dvf , then introducing the time of arrival through v1  = L/t, 
we find the distribution of arrival times is given by: 

½ 
- 	

.- 	 n(t)n(-) 	e½ 	 (4.11) 

L 
U.  =-- V0, v=2eVo /m 

where 

u = - 	kT/2mv 0  

and n*  is the peak arrival rate, n(r*), at t". The full width at half maximum 
(FWHM), i.e. n(t112 ) = n *12, is found to be 

LkT 
(4-12) 

00 m 

If the original pulse has a FWHIvI equal to ATs , this has increased on arrival at 
the detector to a value given by 

.
- 	(4.13) 

for a 6-function pulse of potassium accelerated to 100 eV (V 2 x. 
106  cm s', v$ 8 x 104 cm s')1r is approximately S x 10 8  s at 60cm 

from the source; under these conditions initial pulse widths, ;, less than 
10-7 s are unnecessary. The upper limit to r, and hence the duty cycle, is 
determined by the velocity resolution required as we will see below. - 

More generally, if the initial pulse is not a i-function, the distribution in 
time of the intensity at time t is given by 

I(L;t)5G(t')16  (L;t—t')dt, 	 (4.14) 
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where G(t) is the initial distribution in time. The spread in arrival of the 
product KI pulse can be calculated from Equations 4.12 or 4.14 (with 
L = Ld) if the new mean pulse velocity, v'. is known from'the exothermicity. 
This c?ntribution to the spreading can be added to the value of AT in 
Equation 4.13 if the latter is small. 

Finally, the effect of the gate width of the detector, Td, on the apparent 
shape of the pulse must be computed. With an electron bombardment 
detector or gated counter, the detector function is essentially rectangular 
with a width typically - lp s in the present example. More generally, the 
measured pulse shape is given by 

t+Td/2 

IObS(L;t) 
J/_ 	

I(L;r — t')S(t')dt', 	(4.15) 
Td/2  

where S(t) is the detector function, the open time being between the limits of 
integration. 

Returning to our model calculations, the parent potassium pulse has now 
reached the cross beam where it generated a pulse of K! which then travels to 
the detector, spreading as it does so. We can form a picture of both the 
elastically and reactively scattered particles by integrating Equations 4.11 

and 4.15 numerically. The results at 1 eV are displayed in Fig. 4.4, calculated 
with the assumption of an initial .function pulse and that all the 
exothermicity goes into relative motion. Using momentum and energy 
conservation conditions, the reaction exothermicity, i.E, can be calculated 
from the time of arrival of the K and 1(1 pulses, TK and TKI. For small angle 
scattering of the product the result is: 

(Ls + Ld) 2 [ m KIM ( 	Ld/L s 	 mK'mKmt, 

2r 	m 1 	(1 +Ld/L S )T KI /T K  - 1 M J 	M 

(4.16) 

where M is the total mass of the two molecules. The experimental uncertainty 
in z.E can then be estimated from the uncertainty in the times of arrival of 
the pulses, IrK and LTK1. The duty cycle can be decided from the 
criterion adopted for the resolvabiity of adjacent pulses. If a 50 per 
cent valley: peak ratio is demanded, then in the 1 eV example it is seen from 

Fig. 4.4 that the minimum delay time between K pulses is approximately 140 
microseconds. The initial K pulse width (re) can be made as long as 5 
microseconds without sacrificing too much energy resolution so the duty 
cycle is 5 : 140, a rather poor figure. At 100 eV a duty cycle equivalent to an 
overall transmission of 30 per cent can be achieved. In contrast to mechanical 
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Fig. 4.4 -TOA spectrum for K/I 2  scattering. 

selectors transmitting a single velocity, the T.O.F. method, in conjunction 
with a multi-channel scaler at the detector, can record the whole velocity 

• 	spectrum of the product at once and the technique therefore makes more 
- effective use of the signal despite the lower transmission at lower energies. 

• - -- Time of flight techniques may also be used in the measurement of total 
cross-sections (J. F. Wilson and G. D. Lempert, 1970). The T.O.A. spectrum 
of main beam pulses is measured with and without a target gas and the 

• resulting distortion of the pulses through the velocity dependence of the 
beam attenuation can be interpreted in terms of the velocity dependence of 
the total cross-section. In the field of ion-molecule scattering, the vibrational 
energy transfer in the system 

•Li(10 - 50eV)+H2(n = 0) 	• 	Ii+H2 (n0; 1,2) 

- . 	has been partially resolved (J. Schottler and J. P. Toennies, 1968) with a 
detector gate - width (in the form of a multi-channel scaler) of 300 
nanoseconds. This experiment is only made possible by.starting with a nearly 
monoenergetic ion beam formed by magnetic velocity analysis. The inter-
pretation of the results and an improved signal to noise factor comes from the 
-knowledge that the energy loss must be in discrete vibrational quanta (see 
also below).- - 



Energy and State Selection 	 109 

More efficient use still can be made of the available flux by using a cross 
correlation technique originally evolved for, electrical wave filter analysis. In 
this, the delta function response, 1 5  (L; t - t') in Equation 4.14 is obtained as 

the cross correlation OG i between a random modulation of the parent beam 
and the consequent detector response, i.e. 

- 	 cj(T)=$G(t_T)I(1.;t)dt 	- 	, 	(4.17) 

Multiplying Equation 4.14 by the parent pulse time distribution G(t - r) and 

taking the time average (in theory over an infinite time interval) yields: 

Ji(L, t)G(t -, r)'it = JG(t - r)JG(t')f (L; t .— t')dt'dt 

but, making use of the random nature of G(t), 

JG(t - r)G(t - t.')dt = 	- r) 

so 

—r)16 (L, t')dt' = 16 (L, r) 	(4.18) 

and the measured correlation is identical with the delta function response of 
the apparatus. Inelastic collisions result in a further spreading of the arrival 
pulse in addition to that due to the spread of velocities present in the parent 
beam. The first step in analysis is then to cross correlate the signal with the 
initial random word pulse as in Equation 4.17 to obtain the scattered signal in 
response to a delta function in time at the source. A particular process 
resulting in an energy loss A E will give rise to a pulse at the detector whose 

shape IE(t) can be predicted by arguments similar to those leading to 
Equation 4.14 from a knowledge of the shape of the elastically scattered 
pulse. Afitting is then carried out in which cbGI(t) is analysed in terms of a 

linear combination of the IEfl (t), the unknowns _AE n  and Cn being found 

by a least squares procedure 

GI(t) = Z Cfl  IIE(t). 

The chief advantage of the random word modulation lies in the greater 
spectral density that can be achieved in comparison with any approach to 
delta function modulation. Sincç the probability of the beam -being on is 
equal to it being off, the spectral density or transmission is 50 per cent. 
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Furthermore, since the resolution depends only on the bandwidth of the 
noise modulation, this high transmission can be obtained without any loss of 
resolution irtherent in the delta function approach. 

The application of these techniques in an atomic scattering experiment is 
described by C. A. Visser et al., 1970. In this experiment the random 
modulation was pulse coded, the beam being either fully on or off for 
random periods thus avoiding problems of non-linearity that could arise with 
amplitude modulation. 

The great advantage of all time of flight techniques lies in the ease with 
which the resolution and hence the transmission may be varied during the 
course of an experiment without recourse to moving parts inside the vacuum 
chamber. 

4.3 Magnetic state selection 

Unlike ions, neutral species are comparatively difficult to deflect by external 
fields. The 'handle' by which such a field interacts with the molecule is either 
its electric or magnetic moment and the deflection in an inhomogeneous field 
is then a function of the field gradient, the molecular moment and kinetic 
energy together with the distance traversed through the field. By choosing a 
field gradient of the right radial dependence and having axial symmetry, a 
bundle of paraxial molecular trajectories can be brought to a focus and the 
focal length is a function of the parameters just listed. The device can be 
regarded either as a velocity selector, a rotational state selector or a molecular 
orientation selector.according to the requirements of the experiment. Rather 
than pursue a unified treatment, we begin by distinguishing the three 
important types of behaviour, according to whether the particle is an atom 
possessing a magnetic moment, a linear, molecule with an electric dipole 
moment or a symmetric top. 

We deal first with the focusing of atoms that have a permanent magnetic 
moment, M. The energy of such an atom in a magnetic field B is 

Wmj  = -ji. B = mjgp8  IBI, 	 (4.20) 

where mj is the component of the total angular momentum in the direction 
of the field and M B  the Bohr magneton. The force acting on the atom is 

Fr_mjgppöB/ap 	 . 	(4.21) 

In order for the atom to execute transverse simple harmonic motion in the 
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field, the magnitude of B must be quadratic in the displacement r and this is 

achieved with a hexapole field, Fig. 4.5. In the magnetic case, the field can be 
generated by permanent magnets or electromagnetically. In the latter case, if 

a current i is passed through a hexagonal array of conductors, each a distance 
R from the axis, the field is given by 

3ir2  
B= 10R3 =Bo (r/R) 2 . 	

(4.22) 

The direction of B picks out the direction of quantisation and the force 

acting on an atom distance r from the centre is F = _2mjgiiB o r1R 2  and this 

force is everywhere radial. The focal length is then readily found to be 

f=irvR\/MI(2mJgILBBo) (4.23) 

where B 0  is the field strength at the pole tips in gauss and the atom is of mass 

M. A hexapole array of conducting loops gives rather too weak a field for 
ordinary applications (although B 0  is precisely calculable in this configura-

tion), but an array of permanent magnets can easily produce 0.5 T at the pole 

tips, giving a focal length of roughly 12 cm for potassium at thermal speeds 

with a pole gap of 0.5 cm. The detailed design and use of a hexapole spin 

filter has most recently been described by H. M. Brash et al., 1969. Only 

y///// ///////////////////// 
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(a) 	 (b) 

Fig. 4.5 The hexapole focusing field. 
End on view showing arrangement of pole tips and lines of 
force. 
Longitudinal view. The entrance slit is at 0 and the exit slit at 
F. Trajectories corresponding to two different velocities are 
shown, one of which is brought to a focus at the exit slit F. A 
third pair of trajectories is shown for atoms with moments 
parallel to the field, which leads to de-focusing. 
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atoms with mj  > 0 are focused, but a wide range of velocities come to a focus 
beyond the exit from the field. If the device is to be used as a velocity 
selector, entrance and exit slits must be positioned to reject all molecules 
except those whose focal plane lies at the exit slit. 

The key quantity in hexapole lens design is a 'phase angle', 0 

= L (2migyBBO" 	
(4.24) 

- 

where L is the length of the mágrietic field and R the radius of the circle on 
which the pole tips lie. Then, if a point source is located at distance 'a' from 
the entrance aperture, the image will be formed at distance 'b' beyond the 
end of the field where 'd' arid 'b' are related by Fig. 4.6. 

= arctan (L/a0) + arctan (L/b0) + n7r 	(4.25) 

(n0,l .... 
) 

a, b and L are generally dictated by other experimental requirements, e.g. 
• resolution and so the value of the field strength B 0  for the required velocity v0  
is found from Equation 4.24 with 0 assigned from Equation 4.25. 
'Harmonics' will still be passed by the filter that arise from values of n in 
Equation 4.25 other than thechosen one (generally zero). However, the ratio 
v/v0  will not be a rational one and so the addition of a simple two disc 
mechanical velocity selector will eliminate these velocity sidebands. The 
resolution of the filter regarded as a velocity selector is a function of the ratio 
of the radius W of the exit aperture to R, as well as of A alL andB = b/L; 

2J 	(A +B)(A2 + 

v 0  0o sin Oo {A 2 B 2 Ø +A2 +82  +AB(A +B)+ (A +B + 1)/02 	
(4.26) 

• ___________ 

b 

Fig. 4.6 The critical dimensions of the general hexapole filter. 
The magnetic field occupies a length L, the source is a distance 
a in front of the entrance and the focal plane is a distance b 
beyond the end of the field. 
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Tall beams, with slit rather than circular geometry can also be focused, but 
the velocity resolution will be poorer. 	 - 

A typical hexapole lens, discussed in (H. M. Brash et al., 1969) had the 
following values of the parameters. 

L 
• L/R 

A= alL 
B= b/L 

V. 

B 0  
Lv/v 0  

0.12m 
48 
1.8 
4.0 
0.1 mm 
390ms' 
0.118 T (permanent magnet) 
11%(FWHM) 

Fields up to 2 T may be obtained with an electromagnet allowing L 0.03 m 
to maintain the same value of q5. The gain in intensity as a result of the focusing 
action may be calculated from the angle of acceptance °a  of the device for 
thOse particles that are brought to a focus. Referring to Fig. 4.6 and assuming 
that the effect of the central stop is negligible, O a-is.given by 

Oa  =R/L (A 2  + 1l0)'/'2. 	 -.- 	 (4.27) 

The number of particles Ni passing through the focus is thus: 

nF 	
- 	

(4.28) 

where 10  is the number of particles per second per steradian emerging from 
the source, F is the fraction of molecules in the selected band of quantum 
states and is the fraction in the transmitted velocity range. For mechanical 
selection, if the scattering volume subtends an angle O at the source, the 
corresponding expression for the number of particles passing through the 
scattering volume is V4F o TIOO'a2 ,, where T is the mechanical transmission 
factor. In general, O a/O 2 - 10 and a gain inscattered signal ofat least an 
order of magnitude can be expected, 

it is worth remembering that although • many atomic states possess 
unpaired electrons, not all are suitable for magnetic focusing. Firstly, for the 
atom which has zero nuclear moment only those states with mj > 0 can be 
focused and since the focal length depends upon v/my,  sidebands will appear 
in the transmitted beam due to different combinations of m1 and viff> 44. 
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Secondly, if the nuclear spin is non-zero, the effective magnetic moment of 
the atom is, for weak field coupling: 

Peff 
[E i

( FF+i)+J(J+l)'(J+1)  7 	2F(F+l) 

91j'FF+ l)+II+ l) — JJ+ ifl] 
lImF (429 1 	2F(F+1) 	- 	I] 

where F(F + J) is the total angular momentum, mp its projection quantum 
number and lil = g1juN1 where gJ is the nuclear g factor and 111V  the nuclear 
magneton. Since /1N 11e12°°0, the dominant contribution to comes 
from the first term in Equation 4.29, but the .range of mF valuesl renders a 
weak field magnet useless as a velocity selector. In the strong field case (in 
which the nuclear and electronic angular momenta are decoupled) the 
effective moment is given by: .- 

mj m 1  
Peff/1J5+/hIy 	 (4.30) 

The field strength needed to achieve this depends upon the isotope and for 
the alkali metals working values might be (in MHz) 

K 	Na 	Rb 	Cs 

450 	1800 	3000 	9000 	most abundant isotope 
250 	 7000 	 less abundant isotope 

Hexapole filters are very convenient for potassium and are just possible for 
Na and Rb. In the case of Cs, however, it is necessary to use a Stern Gerlach 
magnetic with yields more intense fields (I. I. Rabi, et al.; 1934) butwhich is 
only a partially focusing device (see below). The states mj  = 3/2 and 1/2 of 
gallium (J = 3/2) have also been selected with a hexapole lens (K. Bedding et 
al., 1962). Although this atom has a relatively large nuclear moment, the 
coupling-of I and-J is -small -because the unpaired electron is not in an s-orbital 
and hence has zero density at the nucleus. Halogen atoms and some of the 
metastable inert gas atoms - might prove good candidates for magnetic 
focusing. 	 - 	- 

If the experiment requires that both Peff  and 11eff  can be selected, then 
the older type of deflection field with two-wire geometry is used (N. F. 
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Fig. 4.7 A modern beam deflect-
ing magnet, based on the two 
wire field. The magnetic field 
lines are shown and a tail beam 
(shaded) in roughly the position 
shown will experience a nearly 
constant field gradient over its 
height for values of y < a. (N. F. 
Ramsey, 1956). 

Ramsey, 1956). The inhomogeneous field is produced between two pole faces 

shaped such that aB/az cr  z and both B and a B/8z remain nearly uniform 
over the' height of the beam, Fig. 4.7. Since the restoring force in the z 
direction is again proportional to z,, there is focusing in this direction but not 
in the y direction. Particles with effective moment /2eff  suffer a deflection 
in traversing a field length L where: 

= L 2 J1 1 'B/Z (2Mv 2 )' 	 (4.31) 

and by placing the exit slit appropriately, states with positive or negative 

moments can be selected. This is put to practical use in' spin exchange 
experiments (D. E. Pritchard et al., 1970) and the device has also been used as 
a velocity selector for H atoms (M. A. D. Fluendy, 1965) but the lack of 
whole field focusing is a disadvantage here. 

4.4 Electrostatic state selection 

The electrostatic analogue of the 1st order Zeeman effect, by which magnetic 
sub-states are separated in a magnetic field, is the 1st order Stark effect 
exhibited by symmetric top molecUles. The discussion of this effect exactly 
parallels that of spin focusing, except for two factors. Firstly, there are no 
complications due to the nuclear dipole moments which are zero in the 
electrostatic case. Secondly, the rotational state of a symmetric top molecule 
is specified by three quantum numbers I, m and K. The non-vanishing 
component of the permanent dipole moment p in the direction of the applied 
field E (which defines the axis of quantization) is given by: 

liE '/.L (cos O)—pmK/[j(j+ 1)] 	 (4.32) 
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where 0 is the angle of precession of the figure axis around the direc.tion o 
- the applied field. The induced energy is linearly dependent onE: 

- WJWK = —p E = —pEmK/j(i + 1) 

and the force is. 	 - 

	

F =pgrad I El mK/j(j+ 1) 	 (4.33) 

• Thus, if both m and K are non-zero-and either of them is negative, the mean 
dipole component is antiparallel to the field and focusing can be achieved if 
grad I E I is positive. Ifeither m or Kis zero then the molecule behaves as a 
linearone and the energy dependence on the field is -quadratic (see-below). 
: Focusing will be obtained with an electrostatic hexapole array, for , 

 which 
the potential is given by  

v = vo 
(.)3 

 cos 34) 	 (434) 

where R is the radius of the electrode tips from the axis (D the azimuthal angle. 
defined in -Fig. 4.5 and V0  the electrode potential. Then, 	- 

I E I = 3V or2 /R 3 	 -. 	 - 	 (4.35) 

The focal length is then readily found for the state (j, m, K) 

~ VO

R3 FM j(j 1)1/2
(4.36)

fjmK 	v 	LI M mK jJ 

For a representative molecule having p = 1.5D, M=.5 x 102 3 g and moving 
at a speed of 3 x 102  m a focal length of at least 0.15 m for an applied 
potential (V 0 ) of 2KV is calculated. Although - very polar (p-2D) 
symmetric top molecules are rare, convenient focal lengths can be obtained for 

some compouiids of -the type CYX 3  or for ammonia. For the rather heavy 
molecule CH 3 I, a- focal length of 'l m has been attained - 

With three quantum numbers as well as the - velocity determining the 
focal length, -the electrostatic hexapole analyser-is-better regarded as selecting 
molecules with a given value of <cos 0> rather than in a particular rotational 

state. In this mode of operation a mechanical velocity selector is inserted 
between the exit of the hexapole array and the scattering centre, so that the 
range of values of <cos 0> transmitted is considerably narrowed. - 
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The method has been used particularly by Bernstein and his co-workers 
(R. J. Beuhier and R. B. Bernstein; 1969) for CH 3 I and CHI 3  and by P. R. 

Brooks et al. (1969) for a wider group ofCX 3 Y molecules. The degree of the 

selection of <cos 0> is largely determined by the resolution of the velocity 
selector. Thus, the geometrical arrangement of slits and stops essentially 
selects a range of values of q, defined analogously to the magnetic case 

(Equation424)as  

L (2p(cos0)V o  VI 

	

. 	 (4.37) 
Rv\ MR 	/ ': 

so 

1-1 — , 

I(cos0) 	
2 	+ 
{Ii4I 	iv 	

(4.38)
) 

1 <cos 	I 0 I 

and if 	/çb is typically 10 per cent, the resolution in <cos 0> will be 30 per 

cent with a good velocity selector. 	- 	- 
The presence of the velocity selector with-its poor transmission and spatial 

- demands, together with the fact that such a small volume of the phase space of 
the molecules is being selected means that intensities will be small, perhaps 

iO _106  particles arriving per second at thefócus. Whether the molecules are 
oblate or prolate tops there is a statistical deficiency of those with values of 

- <cos 0> close to unity and the most probable value of <cos 0> is in both 

caSes zero, a - non focusable orientation. With the angular resolution quoted 
above, the fraction of molecules having the required orientation will be <10 
per cent. The beam intensity (for <cos 0> 1/2) at the exit of a combined 

hexapole/mechanical selector might be 10' _l0_2 times that at the exit of a 

conventional mechanical selector, still sufficient for total cross section work. 
Unear molecules possessing a permanent dipole moment exhibit a 

quadratic Stark effect in the presenóe of an electric field E and for a 

non-polarizable linear moleule the second order perturbation energy,  IM 
isgivenby - .- - - 

$2) = ½(th) 
~ j(j + Q(ij__ _I)(2j + 3) J

1(1 
-'

1)_3m2
(4.39) 

jm 	112/2! 
	 - - 

so the radial restoring force becomes 

____ 
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where. 

j,m) = [1(1+ 1)— 3m 2 1/[j(i + 1)(2j - 1)(2j+ 3)] 	(4.40) 

- If E can be made to vary in a linear fashion with r, the motion in the field is - - 	
- 	simple harmonic if both aE/ar and the quantum number factor in Equation 

4.40, 9 (j, m), are positive. For a quadrupole array of conductors the potential 
isgfvehby 	 - 	- 

- 	
V V(r!R 2  cos2 	 (4_41) 

(where R is the distance of an electrode tip from the axis) and so the magni-
tude of the field at (r, j)  is 	- 

• 	 - 	- 	 EI=2Vo r/R 2 	 (4.42) 

which has the required r dependenèe. 	 - 
The-focal length (for the case a = b = 0, Fig. 4.6) is given by 	- 

• 	- 	 - 	 - 	hVR 2 	 - 	- 	(4.43) 
- 	jV0 	8I(f,m) 

where Mis the molecular mass. All rotational states for which S (f, m) > 0 can 
be focused (note that for j = 0, (f, m) = —113 and so this state cannot be 
focused). As with the hexapole field, there will in general be several 
combinations of v, / and m that lead to the same focal length and a velocity 
selector is always incorporated to narrow the range of / and m. 

The question of what is being selected in classical terms is perhaps less 
clear than in the hexapole case. If the source temperature is high enough for 
the molecular rotation to be treated classically and very low values off are 
not being selected, the mean dipole moment in the direction of the field is 

12E = 	(3 cos 2  a - 1) 	- 	(4.44) 
4Wrot  

- ------ 
	where a is the angle between J and E and W r  is the rotational energy 

appropriate to the source temperature. For a molecule with p SD and with 
E- 106 volts-m 1 ,/1E/P < 10 at thermal energies and so there is little net 
alignment of the dipole and even this asymmetry virtually disappears when 
the molecule leaves the quadrupole and enters the region of weaker uniform 
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Fig. 4.8 The classical representation of the quantum motion of a 
linear dipolar molecule in a weak field E. A region near the poles, 
defined by the cone of semi-angle O is forbidden to the classical 
motion. The quantum mechanical probability distribution of the 
axis orientation is shown on the right for the case / 20, m1 10. 
As / increases, the quantum motion is more sharply centered at 
±O, where sin O = m1//. 

field. In this latter region the classical motion for fixed values of / and m is 

displayed in Fig. 4.8. In the absence of an applied field, the rotation is 
confined to a plane; when a field is applied, precession of J about E begins. 

Writing 

cosO C  =Jl —m 2 /(j(j+ 1)) 	 (4.45) 

where O is the minimum angle between the dipole axis and E, it can be said 
that motion of a monoenergetic beam through a quadrupole lens selects the 

range of values of cos O and W ro t that together satisfy Equation 4.43 for the 

chosen value of the focal length. O  is found to range from 0 0  to roughly 35 0  

(Equation 4.45) with m 2  = 1/31(1 + 1)) for states which can be focused and 

each value of O, is weighted by the population of the corresponding 

rotational state in the beam. That is, a limited range of (j, m) states is selected 

and these have the molecular axis pointing more in a polar than an equatorial 
direction with respect to the axis of quantisation. Unlike the symmetric top 
case, this will not lead to marked anisotropy in the chemical cross-section for 
a reaction in which one end of the molecule is preferentially attacked. 
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However, anisotropy terms of even symmetry in the intermolecular potential 
can be investigated by altering the focusing conditions. 

The device is most useful when designed to transmit only the lowest 
rotational states, (1, 0) or (2, 0), for then S9(f, m) is a rapidly \rarying function 
off and m and with mechanical velocity selection different rotational states 
are reidily resolved. For the state (1, 0) the focal length is given by: 

-. 	- 	 ---- 	- 	 - 	
- 	 -- 	 .-- 	 - - 	 yR 2 

 mA+mB 
f10 = 7.854 	 x iU m 	 (4.46) 

- 	 /1VOrAB (mAmB) 2  

where v is in m s', R is in m, pis in Debyes, V0  is in volts and rAB, the 
bond length, is in Angstroms. The focal length is clearly shortest for slow 
(heavy) molecules with large dipole moments. Thus J. P. Toennies (1965) has 

• focused the (1, 0); (2, 0) and (3, 0) states of T1F and Used them to 
investigate rotational transitions in a crossed beam experiment Fig. 4.9. For 
this particularly favourable molecule (p.= 4.4D) focal lengths of 0.1.5-0.2 m 
are achievable. 	•..- 	 . . 

For highly polar, molecules, - the possibility arises of selecting rotation-
vibrational states through the rather large change of dipole moment 

• with vibrational quantum number. Thus, (t(n = 0) - p(n = l))/po  is ½ per 
cent for CsCl (from the beam -  resonance method) and 1 per cent for CsF. 
However, the focal length. is essentially determined from Equation 4.43 by 
(/1 2 1) 1/2  and this quantity may be expected to change by 2i3 per cent upon 
going from the n .th  to the (ii + i)th vibrational state. Thus, groups of perhaps 
two or three vibrational levels might be separated. The fraction of molecules 

Xbeom 	 - - 

Fig. 4.9 A quadrupole system for detecting rotational 
transitions. The selecting field I focuses molecules in the 

- - 	. - (1,0) state (trajectory -----) and. molecules in. the (2,0) 	- 
(----) and higher states either miss 'the exit aperture or 

- hit the axial stop for molecules entering on the axis. In 
region II a uniform field establishes the axis of quantisation 
and a cross-beam intersects the focused beam, inducing 
rotational transitions. The analysing quadrupole, III, is set 
for the (2,0) state, which is focused onto the detector. 
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in these low rotational states at the high oven temperatures is very small; for 
CsF .03 per cent of the molecules are in the (1, 0) state. 

More promising for the selection of vibrational states is a technique 
adapted from single beam resonance experiments (L. Wharton et al., 1963). A 

ghly polar linear molecule. is prepared in, say, the (1, 0) state by passage 
tIrough a quadrupole lens and led adiabatically into a uniform field region 
where it is pumped by microwave radiation at the resonant frequency for the 
(nj, m)= (0, 1, 0)- (1,2, 1) transition. A second quadrupole lens is then set 
to pass the (2, 1) rotational state, thereby also selecting then = 1 vibrational 
state. The experimental arrangement would be that of Fig. 4.9 with the 
cross-beam replaced by a microwave cavity. Nearly equal populations of the 
two levels can be obtained in the C-field region and sufficient intensity of 
vibrationally excited molecules for scattering experiments seems obtain-
able (T. G. Waech et aL, 1968). 

Single beam deflection experiments have been performed with non-polar 
molecules using the'fcrr sing from the interaction of the induced electric 
moment with the external field. The induction energy is quadratic in the field 
strength (2' order Stark effect) and so the focusing conditions are analogous 
to those for linear molecules discussed above. For an isotropically polarisable 
molecule, polarisability a, the interaction energy is 

W(2) = ½aE2 	 1 	 (4.47) 

However, molecular polarisabiities are roughly 10_28_10_29 m 3  and so 

w2 in the non-polar case is 10 - iO less than that arising from the 
permanent moment. Although the absence of a rotational state factor from 
Equation 4.47 increases the fraction of the parent population that can be 
focused, the focal length of a quadrupole lens operating on non-polar 
molecules will be approximately ten times greater than that designed for 
polar molecules and scattering experiments have not yet been carried out 
with beams selected by this means. 

// 



CHAPTER FIVE 

Detection and Measurement 

As in nuclear scattering the final link in any beam experiment is the detection 
of the particles after scattering. Unfortunately at the low energies appropriate 
to molecular scattering, the detection methOds are severely handicapped. The 
fundamental problem is in distinguishing the molecules of the beam from the 
overwhelming background (pressure) inevitably present in our detectors. For 
the nuclear or elementary particle physicist the very high energy of the 
particles of interest serve to distinguish them from the background and 
efficient devices such as scintillation counters responding to this energy can 
be used. In contrast at thermal energies no such simple differentiation is 
possible and the beam properties of direction of motion and chemical species 
provide a much inferior distinction between beam and background. 

Since Dunoyer's first experiments (L. Dunoyer, 1911) when he detected 
a sodium beam by condensing it upon a cooled surface, a wide range of 
devices has been used to detect molecular beams. In general these devices 
measure either the molecular beam flux as in Dunoyer's experiment or the 
molecular density. Most detectors currently in use convert the molecular 
current into an electric current, though for some applications condensation 
targets are still useful. Thus, Kinsey used a condensation target followed by 
radioactive counting to detect scattered tritium (L. R. Martin, J. L. Kinsey, 
1967). 

In general the most successful detectors have been those providing a high 
degree of differentiation between beam and background molecules. Unfor-
tunately such selectivity is usually bought at the price of severe limitations on 
the range of materials that can be detected. 

The overall performance of a detector is a function not only of the actual 

122 
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beam sensor itself but also of the whole experimental configuration including 
any filtering or correlation processes that may be used. Nevertheless it is 
convenient to divide the discussion into two parts and consider first the beam 

detectors proper. 

5.1 Beam detectors - Introduction 

The most important parameters characterizing beam detectors are-sensitivity, 
noise and response time. 

Sensitivity is the output current or number of events per sec (in the case. of 
ion counting systems) in response to a unit incident flux. The range of 
materials detectable, and their relative sensitivities must also be considered. 

Noise is the random electrical output of the device, it can be conveniently 
measured in terms of the resulting uncertainty in beam flux: this uncertainty 
will depend not only upon the actual amplitude of the noise current but also 
upon the statistics of its time variation. Thus, if ON  is the standard deviation 

of the noise measured with unit bandwidth then with 95 per cent confidence 

the uncertainty in a measurement will not exceed: - 

1 
±20 N /t½ s 1 , t > - or ±20Np s', t < l/i.v 	(5.1) 

AV 

where iv is the bandwidth of the detector and t is the observation time, 
Contributions to UN arise from many sources, if the standard deviations for 
these processes are known the total will be 

	

UN =Gi + 	covij 	 (5.2) 

or if these different sources are uncorrelated coy 13  = 0 and 

	

UN 2 = Oi 	 (5.3) 

In almost all detectors one component of the noise output arises from the 
random motion of background gas molecules. If the motion of these 
molecules is entirely uncorrelated we may use the de Moivre Laplace limit 
theorem to estimate their contribution to the standard deviation of the noise. 

Thus if the noise current, 'N  from the background gas pressure (assuming a 

flux dependent detector) is: 

IN = 	 - 	 (5.4) 
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where n1  is the background gas number density of species i and q 1  is their. 
detection efficiency, then the theorem leads to theresult that: 

- 	 / 
• 	 ON 	 n jqj,J) 	(5.5) 

In practice the background atom motion is not entirely uncorrelated and 
- macro pressure fluctuations in the detector due to pumping irregularities etc 

can Occur. Such fluctuations, will depend upon the size of the vacuum 
chamber and its pumping speed. The contribution from this source has been 
discussed by S.N. Foner, (1966) in terms of an electrical analogue (Fig. 5.1). 

The following identifications are made where S is the pumpmg speed and 

• 	Vthe Chamber volume 	.. 	 T 

Beamflux=I, 	R=1/S, : C=J. 

E is then the signal output from the detector and Eb the noise output 
(due to pressure fluctuations) The noise output can clearly be minimized by 
decreasing the impedance of the RC circuit acrosswhih'Eb is developed. 

The 'impedance of this RC circuit is: 

• 	IZI = /[ 1 : + V2 C2 R 2Y2= i/S[1+ 22/S2 ] I/2 	(5.6) 

'where vis the frequency of the signal current I. 	 - 
Thus the impedance and hence ithe noise output Eb can be decreased by 

moving the signal frequency' v to a suitably high. value: In practice this. 
corresponds to modulating the molecular beam • at a frequency such that 
vV > S. The noise output is then reduced to about S 2 1vV times the zero 

VOIurneV  

- 	
''S 	 Es 

Beam 	
Detector 

Eb 

Pump 

Fig. 5.1 Electrical analog for noise arising from background - 
• 	• pressure fluctuations. 



Detection and Measurement 	 125 

frequency level. Noise from this source is thus far from Gaussian and is 

concentrated primarily at low frequencies. 
Noise due to both effecls is best combated by lowering the partial pressure 

of the background material to which the detector responds (typically by 

installing additional liquid N 2  shielding). Beam modulation methods will also 
be useful in dealing with other sources of fluctuation noise, and will be 

discussed in more detail later. - 

Response time r is defined as the time taken for the output of the detector 

to rise to 63 per cent, (1 - e_ 1 ), of its final value in response to a step 
change in input. This time will limit the rate at which the incident beam can 

be varied, e.g. by modulation or velocity scans. 

Types of Detectors 

5.2 Ionization detectors 

The most widely used class of detectors operate by. ionizing the molecule and 
then measuring the resultant ion current. Several techniques may be used to 

accomplish the initial ionization. 	 - 

(i) Hot wire detectors 

In this type of detector beam molecules with a low ionization potential are 
ionized by collision with a hot wire of high work function such as tungsten. 
The operation of this device can be understood in terms of the Saha-
Langmuir equation (E. Ya Zandberg, N. I. Ionov, 1959) which relates the 

temperature T, the ionization potential Eb of the beam material and the 

work function of the hot wire surface O w  to the proportion of molecules 

ionized by the collisions as: 

	

number of ions emitted = (1 - ') 1+ 	 (Eb - 

	

e. p 
x -kT ) 	

(5.7)  
number of neutrals 	(1 - 'ye) In 

where 1+ j_ are the reflection coefficients and y, yn  the degeneracies of the 

ion and neutral particle states respectively. Equation 5.7 is, of course, an 
equilibrium relation and its useful temperature range in this connection is 
limited to that over which the neutral atoms do not permanently condense on 

the surface. . 
Values for (Eb - 	for various combinations of wire and beam material 

are given in Table 5.1. 
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Table 5.1 

Wire Material Ø eV 	 Beam Material (Eb - ø) eV 

- 	 - 	Li 	Na 	K 	Rb 	Cs 	Ga In 	TI 

• 	 Wclean 	4.58 +0.81 +0.56 -0.24 -0.40 -0.71 1.42 1.21 1.5: 
Woxygenated 59 -0.51 -0.76 -1.56 -1.72 -2.03 0.1 -0.11 0.2 

- 	
- 	 Re 	 5.17 +0.22 -0.03 -0.83 -0.99 -1.30 0.83 0.62 0.9 

Ionization 
PotentialEb 	- 5.39 5.14 4.34 4.18 3;87 6.00 5.79 6.1: 

The agreement between the predicted and observed behaviour is illustrated 
by Figs. 5.2 and 5.3 (S. Datz and E. H. Taylor, 1956) which show the 
percentage ionization found for alkali metals on tungsten and on platinum. 
Alkali metal compounds such as halides can also be ionized by suitable hot 

• wires. In this case the, molecule is dissociated and the alkali metal emitted as 
an ion. The mechanism for this process is rather less clear. Figs. 5.4 and 5.5 

• show the ionization of some alkali halides on tungsten and on platinum. It is 
apparent that the W surface is a fairly efficient ionizer, the platinum much 
less so. An especially valuable fact becomes apparent if we compare Figs. 5.2 
and 5.4 and Figs. 5.3 and 5.5. The tungsten surface is approximately equally 
effective at ionizing both alkali metals and their halides whereas the platinum 
surface at temperatures in the 1200 ° K region ionizes the metals almost 
exclusively (with the exception of KF). Thus in a mixed alkali/metal halide 
flux the difference in signals recorded from tungsten and the platinum wires 
is a measure of the alkali halide flux. This differential hot wire detector has 
played a most important role in the study of chemical reaction by molecular 
beam methods. Recently, however, K. T. Gillen and R: B. Bernstein (1970) 
have found that highly vibrationally excited alkali halides are also quite 
readily ionized on a platinum filament, the ionization efficiency varying 
exponentially with excitation energy and approaching 20 per cent for highest 
states. 

This observation has important implications in the original interpretation 
of the wide angle elastic scattering from reactive systems. In experiments, 

• 	using alloy filaments the K flux was considerably overestimated. 
Surface ionization detection has also been used in the reverse sense. Thus 

the collision of an atom or molecule having a large electron affinity with a 
hot wire of low work function can lead to electron transfer from the metal 
and the formation of a negative ion. Such negative surface ionization is a 
much less efficient process than the formation of positive ions. For ionization 
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Fig. 5.2 Ionization of alkali metals on platinum. 
Dotted lines are the calculated behaviour (S. Datz 
and E. H. Taylor, 1956). 

on a carburretted thoriated tungsten wire efficiencies of 1 —2 per cent for 

CBr 4  ranging downwards for other electronegative species were found by E. 

F. Greene et al., 1968. Apart from the rather low efficiency this method also 
suffers from the drawback that some form of mass spectrometer is required 
to distinguish negative ions from the otherwise overwhelming thermionic 
electron current. Greene found a simpie magnetic field configuration highly 
effective for this purpose at low background pressures. Some typical 

sensitivities found in his work are jisted in Table 5.2. 
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Table 5.2 Relative negative ionization efficiencies on thoriated 
tungsten wire (K on Re at 1200 K E unit efficiency) 

KI 	 1.8 x 10 	 CBr4 	 1.9 x 10-2 
Cd 4 	1.5 x 102 	 12 	 6.3 x 10_ 8  
C206 	1.4 x 10 3 	HI 	 1.8 x 10T4 - - 	
C6HSC1 	2.6 x l0 	 C2H 5 1 	 7.7 x 10 
Br2 	 4.5 x 10 	 C61-1 5 1 	 1.5 x 10 
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Fig. 5.3 Ionization of alkali metals on tungsten. 
Dotted lines are the calculated behaviour (S. 
Datz and E. H. Taylor, 1956). 
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Fig. 5.4 Ionization of alkali halides on tungsten (S. 
Datz and E. H. Taylor, 1956). 

Construction 

The most usual form of hot wire detector is shown in Fig. 5.6. The hot wire is 
suspended under spring tension between two insulating mounts which also 
provide the feed for the d.c. heating current. The two ends of the wire are 
screened by small earthed cylinders to prevent the cooler end regions of the 
wire being exposed to the beam flux. A cylindrical collector slotted in two 
places to allow the beam to enter and leave is mounted on alumina insulators 
and biased about 40 volts negative with respect to the filament. The ions 
formed on the wire surface are thus attracted to the collector and the 
resulting current measured on an electrometer. A metal screen finally 

surrounds the whole assembly to form an electric shield. 
The normal operating temperatures for tungsten and platinum filaments 

are 1870 K and 1290 K respectively. For 0.003 wires these correspond to 
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Fig. 5.5 Ionization of alkali halides on platinum. 
Slow response noted at temperatures below vertical 
dashed lines. (S. Datz and E. H. Taylor, 1956). 

0.600A and 0.200A currents. Oxygenated filaments of tungsten are prepared 
either by running the filament at 1500 K in a slight pressure of oxygen or 
alternatively by allowing a capillary jet of oxygen from a reservoir at about 
5 x10 torr to play upon the filament during use. 

Filaments with a high platinum content have two different surface states. In 
one with a high work function they can ionize alkali halides, in the other 
known as mode.N (T. R. Trouw and J. W. Trischka, 1963) the work function 
is lower and the filaments ionize essentially only the alkali metals or highly 
excited species, e.g. K!. Mode N can be prepared by ageing the Pt wire at 

-.  1520 K for several hours and then running it at 1600 K for a few minutes in 
methane at a partial pressure of-5 x 10 torr. 

Several variations of the basic device described have been used. Thus the 
collector can be replaced by the first dynode of an electron multiplier and the 
bias increased to 2-3 W. In this way advantage can be taken of the low noise 
amplification provided by such devices. In other cases (Fig. 5.7) the hot wire 
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Fig. 5.6 Hot wire beam detector with electrometer to 
measure a positive ion current. 

is mounted at the entrance to a mass spectrometer so that the various alkali 

ions etc. can be distinguished. Careful design of the focusing and extraction 
lenses is required if the ion collection efficiency is to approach 10-50 per 

cent. 

Sensitivity 

Positive surface ionization detectors perform with good efficiency when the 
work function is greater than the ionization potential. They are thus 
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• 	 -. 	 /_—Hotfiloment+34V 
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Fig. 5.7 Hot wire detector and 
quadrupole to detect alkalis 
selectively. A lens focuses the 
positive ions from the ribbons 
into the quadrupole. Total de-
tection efficiencies of the order 

• 	 '50% can be achieved. 

primarily limited to the alkali metals and their compounds together with In, 
Ga, Tl, Pr, Al and Ba. For the alkali metals the detection efficiency is 80-1 00 
per -cent, i.e. '-1 .6 x1O A per unit incident flux per m 2  of detector 
surface. Our 'standard beam' of 5 x 1010 molecules sec' mm 2  at one 
metre from the source would thus produce a current of 8 x iO A mm 2  or 
for a 1 cm tall beam on a 0.003" wire a current of'-6 x 10' 0 A. 

Linearity 	- 

The detector is linear over a wide range. At the highest beam fluxes 
(-10 8 A) where surface coverage by the alkalis is significant some decrease 
in efficiency has been observed (K. Wilson, 1964). 
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Noise 

There are two principal sources of noise in the hot wire detector. The first, 

common to all detectors, is due to those background gas molecules that are 
ionizable on a hot wire and has already been discussed. The noise from this 
source can be estimated from kinetic theory considerations. The number of 
ions produced will be approximately the number of collisions of ionizable 
material with the hot wire (of the appropriate mass if a mass spectrometer is 

used), i.e. number of ions s 1  = I = 1/3 n b V cm 2  of detector surface, where 

b is the number density and i the average molecular velocity. 
Then as before: 

(5.8) 

Thus a background partial pressure of 10 	torr on the surface of a typical 

detector (5 x 1 o -  cm2 ) will produce an average ion current of 

I=l0- ' 5 A 

and the standard deviation of the noise rate from this source would be: 

c(J) (2 x 104)1f2 	140 counts s' 

The second noise source is specific to this class of detector and arises from 
alkali metal impurities in the wire. These diffuse to the surface during 
operation and are ionized. Tungsten wires are especially prone to this since 
some KCI is incorporated during manufacture. Fortunately pure tungsten 
wires drawn from a single crystal of the metal are now available and are much 
less noisy. In all cases it is standard practice to 'age' wires by running them at 
an elevated temperature for a few hours. Typically tungsten is aged at 2030 K 
and platinum alloy at 1520 K; the noise decreases very markedly during this 

procedure. - 
The statistics of diffusion noise are very far from Gaussian; the emission of 

impurities from the interior of the wire appears as sharp pulses of current in 

which up to 108  ions may be released in less than 100 ps (i.e. a current peak 

of 10 9 A). (The time width of the pulses is related to the wire 
temperature - at the lowest operating temperatures they may spread over 
—50ms). (R. E. Minturn, et al., 1960). In the case of tungsten wires the 
impurities are very largely potassium so that if the-beam material is different 
a considerable, noise reduction can be achieved by using amass spectrometer. 
Clipping or limiting circuits have also been used to reduce this form of noise. 
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Table 5.3 Noise count s' arising from impurities in 
tungsten ribbon * 

Operating current 

IA 	 l.4A 

Na 434 17,942 
K 121,332 137,889 
Rb 437 1,148 
Cs 122 264 

* Ribbon was 0.020" x 0.00 1" 92%W/8% Pt alloy 

Table 5.3 shows a typical distribution of noise from a Tungsten ahoy 
filament. The much lower noise level obtained for Rb is clearly seen. 
Platinum or single crystal purity W filaments are much less noisy and will 
normally be used whenever possible. 

Response time 

The response time of hot wire detectors varies roughly inversely with the wire 

temperature and ionization efficiency (F. Knauer, 1949; H. Lew, 1953; H. L. 
Daley et al., 1969). At the very lowest temperatures at which ionization can 
be observed the emission of an ion may follow in the order of seconds after 
the neutral atom collision with the surface. For the usual operating 
temperatures alkali metals are ionized with delays ranging from .10_2  seconds 
for Platinum at 1200 K to iO seconds on tungsten wires at high 
temperatures. Unfortunately the noise pulses from wire impurities decrease in 
time width in rather a similar way; modulation at a sufficiently high 
frequency to deal with diffusion noise is therefore difficult. For d:c. 
experiments, i.e. without modulation the build up of beam material in the 

detector chamber will also contribute to the response time. Using the 
electrical analogue again we see that the pumping time constant is RC or 
chamber volume/pumping speed. 

(ii) Surface ionization of fast alkali beams 	 . 

For very fast alkali beams of >3 eV collision energy the efficiency of the hot 
wire detector begins to drop off; probably due to reflexion effects. 

Fortunately it has been found that ionization of these energetic alkalis can 
be accomplished on a cold filament of high work function. (E. Hulpke and C. 
Schlier, 1.967.) This process has two important advantages in comparison with a 
hot wire -ionizer. Firstly there is virtually no noise from the ribbon or from 

- the thermalized alkali background, i.e. the detector is highly specific for the 
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beam. Secondly the response time is very small <0.1 ps so that a detector 
using this process can be used in time of flight experiments. The disadvantage 
of this detector is the rapid change in ionization efficiencj which occurs 
between threshold at about 7 eV and 50 eV above which the efficiency 
becomes relatively constant (Fig. 5.8). This loss of sensitivity arising from an 
increased reflection of neutral particles at energies between 3 eV-50 eV both 
on hot and cold surfaces has been circumvented in a detector described by 
Politiek. In this detector (J. Politiek and J. Los, 1969) the fast atoms enter a 
heated tungsten cylinder via a narrow slit and hence suffer multiple collisions 
with the surface during which ionization can be achieved. 

% 

61 

10 	 30 	 (V 

eV 

Fig. 5.8 Efficiency of ionization for fast neutrals striking a cold 
tungsten wire (data from R. K. B. Helbing and E. W. Rothe, 1969). 

In practice the ribbon is normally operated 'warm', i.e. just below the 
threshold for thermal ionization in order to prevent contamination of the 
ribbon surface. The construction of detectors using this approach is similar to 
the hot wire pattern; an electron multiplier would normally be incorporated, 

e.g. Fig. 5.7, take advantage of the fast response time. 
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(iii) Electron bombardment detectors 

This type of detector in its essentials is the same as the sources used in 
conventional mass spectrometers. A high density of electrons with sufficient 
kinetic energy to ionize the beam molecules is arranged to intersect the 
molecular beam. The resulting ions are extracted from the ionizing 
region - usually via a mass spectrometer and the ion current measured. Since 
thepartial pressure of beam material in the device will be very low, careful 
attention must be paid to the efficiency of thesource. - 

The number of ions produced from a beam flux of F(v) molecules 
cm 2  s with a velocity v is related to the detector parameters by: 

s' (5.9) 

where i is the electron current in amps, e the electronic charge (1.6 x 10_1 9 

coloumbs), and Q,(E) the ionization cross-section for molecules of species j at 
a collision energy E. A and I are the width and length of the high electron 
density region and B is the height of the beam lying in the area Al. Finally k 
is the mass spectrometer transmission for ,  species j. 

The number of ions from the background will similarly be: 

Nfl =— B>nhQh(E)k(j_h) s_ i 	 (5.10) 
e 	h 

• Where h is the number density of molecules h and k( J _h) is their 
transmission through the mass spectrometer (tuned to mass j). 

The signal to noise ratio after 1 second (neglecting pressure fluctuation 
contributions) will thus be: 

S/N= IV/(N)'/2 

i 	½ 	 ½ 

QkF(u)/ (Y-nhQh(E)kj _h)) 	(5.11) 
e / 	 h 

The primary design considerations may be summarized as: 

(1) To match the beam and ionizing volume cross-sections i.e. A = beam 
width. 	 • 

• (2) To achieve the highest electron density in the beam path. 
(3) To reduce the background gas pressure (especially that appearing at the 

same mass number as the beam material). 
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To obtain high extraction into and transmission through the mass 

spectrometer. 
To minimize fluctuation noise by modulation methods. 

Further problems can also arise from fragmentation of the parent molecule 
in the ionizer. In some cases only a small fraction may appear as the parent 
ion. 

Construction 

Several designs for beam detectors using electron bombardment have 
appeared in the literatUre, e.g. (R. Weiss, 1961). A design due to G. 0. Brink 

(1966) is shown in Fig. 5.9. The electrons produced by the filament oscillate 
through the molecular beam region several times before ultimate collection 
on the grid. To improve the stability of the device the d.c. filament heating 
current is controlled by an emission regulator which samples the grid current 
and varies the heating current through the filament to maintain constant 
emission. 

The detailed design of sources such as these is a difficult problem in ion 
and electron optics especially since space charge effects are large because of 
the high electron density required. The reader is referred to more specialized 
texts. 

Sensitivity 

The detector is number density dependent, with a sensitivity inversely 
proportional to velocity as seen from Equation 5.11; and is therefore not very 
suitable for detecting fast (super thermal) beams. 

Inserting typical values into Equation 5.10 we see that we can expect to 

ionize between 1 in 102  and 1 in 103  of the molecules in a beam at thermal 

velocities. In comparison Weiss reported 1 in 40 for argon and Brink 1 in 600 
for argon and 1 in 800 for krypton. Ionization cross-sections do not vary very 
widely from molecule to molecule and electron bombardment ionizers are 
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Fig. 5.9 Typical high efficiency electron bombardment ionizer (reproduced 
from G. 0. Brink, 1966). 
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therefore of universal application; though particular mass numbers may be 
virtually impossible to detect if coincident with persistent background gases. 

Linearity 

The device is likely to be linear over the usual range of beam fluxes though 
non-linearities due to space charge effects can occur if operated in a high 
background pressure. 

Noise 	 - 

The noise in bombardment detectors is due almost entirely to background 
gas, both low frequency fluctuations (which have already been dealt with) 
and random 'white' contributions being important. The number of ions from 
the background is N: 

N. =--B nhQh(E)k(j_h) s' 	 (5.12) 
e h 

and the standard deviation of the noise (N)&. 
Noise reduction thus depends principally upon vacuum technique and in 

particular the partial pressure of background gas falling in the mass 
spectrometer transmission band. U.H.V. techniques, using oil free bakeable 
equipment, and possibly including liquid He cryogenic pumping are therefore 
mandatory. Chemical getter pumps to handle particular contaminants or 
beam material may also be useful. Typical background pressures as a function 
of mass numbers are shown in Fig. 5.10. 

Response time 

At thermal beam speeds the most important factor in determining the 
response time is the length of the region over which ionization can occur. 
Thus a rectangular step in beam flux will produce a ramp output of duration: 

-- 	 (5.13) 
Vb V 

where Vb  is the beam velocity, V 1  is the average velocity of the ion and I the 
length of the ionizer. If v 1  >> Vb then r 	hUb. Response times are thus 
typically iO seconds, by making v 	Vb the dispersion of the pulse can be 
minimized, a result which is often more important than reduction of the 
actual delay between the arrival of a beam pulse and the output of the signal. 
In some ionizers in which the high electron density is achieved by trapping 
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Fig. 5.10 Background partial pressures in an electron bombardment 
detector (reproduced from Y. T. Lee et al, 1969). 

the electrons in a potential well, the net field in the ion may be very small. 

The response time can then rise to ,10_2 S. 

(iv) Field ionization detector 

The use of the field ionization sources in conventional mass spectrometry is a 
comparatively recent innovation and as yet this technique has not been much 
used in molecular beam work. Nevertheless field ionization seems likely to 
offer important advantages over electron bombardment sources and, when 

certain problems are overcome, may find very wide use in beam detectors. 
The actual process of field ionization has been the subject of several 

reviews (e.g. E. W. Muller, 1960; H. D. Beckey, et al., 1963). Ionization is 
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brought about by quantum mechanical tunnelling of an electron through a 
distorted atomic or molecular potential, this distortion being brought about 
by a very intense electric field (of the order 10 7  —10 9  Vm _1)•  This intense 
field may be generated around a needle point (as in the original experiments) 
50000A in radius or by a thin wire 2 x iO cm in diameter biased 3-20 kV 
positively. The actual collecting area is considerably larger than the surface of 
the point or wire since molecules in a region round about are porised by the 
field and attracted inwards. The size of this collection region can be estimated 
as the distance r at which the polarization due to the field balances the 
centrifugal motion of the molecules about the wire. (R. Gomer and M. G. 

• 	Ingram, 1955.) 

Thus for a needle point radius r 0 : 	 - 

I 	I 

	

 Mu2=_aF( r )

2 	
(5.14) 

Where M is the mass and a the polarizability of a molecule moving with 
velocity v and F0  is the field strength at the tip. The number of ions N 
produced by a needle point exposed to a unit incident flux of molecules is 
thus: 

-'/2 

N = irr = 	F0 r s 	• 	 (5.15) 

The ions formed by field emission are usually predominantly the parent 
ion; much less fragmentation occurring than is common with electron 
bombardment ionizers. The chief difficulties with this type of ionizer arise 
from instabilities in the ionization efficiency due either to erosion of the 
surface or condensation of polar molecules upon it. The wide angle over 
which the ions are emitted from the edge or point also makes their extraction 
into a mass spectrometer difficult. Elaborate lens system compensated for 
spherical aberration are required to achieve a high efficiency (H. D. Beckey, 
1961). 

Construction 

The construction of a beam detector using this principle has been described 
by W. D. Johnston and J. G. King (1966). Their device is shown in Fig. 5.11. 
The ions emitted from the needle point follow field lines and strike a 
phosphor screen. The screen is viewed by a photomultiplier, scaling circuits 
are then used to count the ions arriving at the screen. Low frequency noise in 
the phosphor was reduced by beam modulation. 
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Fig. 5.11 Universal detector using field emission ioni-
zation and scintillation counting (reproduced from W. 
D. Johnston and J. G. King, 1966). 

Another source consisting of a series of thin wires approximately 2p in 
diameter has been described by H. D. Beckey et al, (1963), to replace a 
conventional mass spectrometer source. - 

Sensitivity 

The principal factors governing the sensitivity are the matching of the 
ionizing region bounded by r with the beam cross-section and the extraction 
of the ions into the mass spectrometer. 

Noise 

For the background gas the number of ions formedwill be just the number of 

molecules crossing a sphere of surface area 41rr 2  centred on the point, i.e. 

N27Tr 01b 	- 	 (5.16) 

Monel 
bellows 

Needle 

where nb is the number density of the background gas and its average 

velocity. 
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The signal to noise ratio for a single needle point detector from 
background contributions of this type after mass selection is thus: 

ZVkF(v) - 	irrkF(v) 
S/N = (

k(j_ h)Nh)½ - ( 21rr) Vnhk(j_h))/2 	
(5.17) 

where k j  is the mass spectrometer transmission and r 2  (h) is the critical 
distance for speciesh. 

Response time 

The actual period required for ionization is short of the order 10' 'sand the 
ionization region is relatively small so that response times in the range of 
iO srnight be expected. 

5.3 Other types of detector 

(i) Bolometer detectors 

Thus far we have considered only detectors in which the beam moleëules are 
ionized and differentiated from the background either by a mass 
spectrometer or by selective ionization. Other properties of the beam 
molecules however can be used. Thus detectors sensitive to the energy of the 
beam particles have been successful. The bolometers used for this purpose 
respond either to the kinetic energy of the beam or to some exothermic 
reaction of the material catalyzed by the bolometer surface, e.g. 2H -+ H 2  on 
a platinum surface (M. A. D. Fluendy, 1964). Bolometer detectors are likely 
to be of especial value in detecting super thermal beams for which electron 
bombardment ionization is inefficient. However, a superconducting 
bolometer operating at liquid He temperatures and capable of detecting 
thermal energy beams of 2 x 1014  molecules m 2  s' has been described (M. 
Cavallini, et al., 1967). 

Construction 

Bolometers used for molecular beam detection have usually been commercial 
devices designed for IR radiation detection. Both semiconductor and metal 
strip bolometers have been used. Their detailed construction will not be 
discussed further. 

Sensitivity 

The device is flux dependent — an important advantage. 
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A flux F(v) of molecules mass M will yield a power to the bolometer of: 

N = ½JWv 2  F(v)a (½Mv 2  - kT) 	 (5.18) 

where T is the temperature of the bolometer and a is the accommodation 
coefficient of the beam material on the bolometer surface. If a reaction 
occurs between the beam molecules on the bolometer surface a power 

W=LI-1I3F(v)+N 	 (5.19) 

will be available. Where i.H is the exothermicity and 0 is the sticking 
coefficient. (It is assumed that the whole of iH is available to the surface, i.e. 
the reaction products leave the surface completely accommodated.) In the 
case of H atoms, a detection limit of 5 x 1014  atoms m 2 ç1,  using their heat 
of recombination, was achieved. 

Noise 

Noise in bolometer detectors arises in several ways. Low frequency flicker 

noise is as usual minimized by modulating the beam and using a lock in 
amplifier. Other noise is due to collisions of the background gas with the 
bolometer and to Johnson noise in the bolometer itself. Ultra high vacuum 
technique using liquid helium will be especially valuable, since the low 
temperature will not only lower the background pressure but wil also 
decrease the energy carried by the individual molecules to the bolometer. The 
lower operating temperature will also decrease the Johnson noise of the 
bolometer itself. Unhappily very low temperatures may inhibit surface 
diffusion and reaction so that detectors responding to an exothermic surface 
reaction may not be operable at these low temperatures. 

Response time 

Response times are typically 1-20 ms. 

Stability 

Instabilities in detector performance due to surface contamination can occur 
(especially in catalytic detectors). Improved vacuum technique is the usual 
solution. 

5.4 Detection of excited atoms and molecules 

Experiments with excited atoms or molecules have been rather popular since 
the problem of generating a beam of excited species are more than. offset by 
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the relative ease of detection. This ready detectability is due to two factors. 
Firstly the excited species commonly possess sufficient internal energy to 
differentiate them from the background gas by the ease with which they are 
ionized or bring about electron ejection from surfaces. Secondly their 
efficient de-excitation on collision with surfaces means that a 'background' of 
excited molecules does not develop in the apparatus. 

The detection of excited atoms has been reviewed by J. B. Hasted, 1965, 
and also by E. E. Muschlitz, Jun., 1966. The most frequent method of 

• detection is via electron ejection from a metal surface and measurement of 
the resulting current. 

If Ea  is the excitation energy of the species, q5 the work function of the 
metal and Dq  the depth of the lowest electron level, ejection will occur if: 

Ea ><Dq ct 	 (5.20 

For 2 3  S He atoms Stebbings found an ejection efficiency of 0.29 from a 
gold surface. Lichten has used a surface plated with sodium (by evaporation) 
to detect mercury metastables (M. N. McDermott and W. C. Lichten, 1960). 
The sensitivity of these devices can be increased by incorporating an electron 
multiplier. Thus E. W. Rothe et al. (1965)has used a resistive strip multiplier 
to detect He 2 3S,  the excited atom ejecting electrons from the multiplier strip 
itself. Metastables have also been detected by quenching the excited state -in 
an electric field and detecting the photon liberated, e.g. W. L. Fite et al. 
(1959) quenched 2 2 S y2  hydrogen atoms to the radiating state 2 2 P112 . The 
detection of highly vibrationally excited alkali halides (where the radiative 
lifetime is long enough to enable beam formation) also appears possible. K. T. 
Gillen and R. B. Bernstein (1970) found that on a Pt/W (92.8 per cent) alloy 
filament, the fractional increase in K! ionized, was approximately 
exp (Eex I4 kT), where Eex  is the excitation energy carried by the K!. There 
would thus seem to be a possibility of a sensitive, though not highly selective 
detector for these states. 

(i) Construction 	 - 

Fig. 5.12 shows a detector for low energy.metastables, e:g. Hg 6 3 P2 . A lo 
work function surface is prepared by plating a surface with alkali metal. 

- - - - Electrons ejected from this surface are focused into a channel electron 
multiplier. The tungsten peg shown in the figure may be withdrawn a few cms 

• to be platel with potassium from a small effusive source A located close by. 
In an alternative pattern the peg is replaced by a rotating drum so that plating 
- may proceed simultaneously with detection, this procedure being more 

- successful in systems where contamination occurs rapidly. 
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Detector assembly 

JE nIT 
A 

11' 

A potassium oven 	C channeltron 
B tungsten peg 	D electron lens 

E bellows assembly and 
peg retraction drive 

A amplifier 	B discriminator 	C channeltron 0 scaler E protection 
circuit 

Fig. 5.12 Detector for metastable species using Auger elec-
tron ejection and particle counting 

'ii) Sensitivity 

Sensitivities in the range 0.5 electrons ejected per incident excited atom have 
been reported. 

(jjj) Noise 

The noise is usually very small and may be largely electronic in origin, e.g. 
multiplier dark currents or response to photons. 

iv) Response time 

For a detector using a multiplier the response time is largely a function of the 

multiplier construction and may be as short as a few nanoseconds. These 
letectors are thus the fastest available. 
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(v) Stability 

Electron multipliers are rather sensitive to contamination by hydrocarbon or 
mercury vapour. As a result their initial gain may drop rapidly from say iO 
to 10 or less, the final value being moderately stable. The resistive strip or 
channel multipliers are less sensitive to contamination than BeCuO types and 
are to be preferred in most applications. The stability problem can also be 

-- overcome by isolating the multiplier vacuum from the experimental system. 
Thus in Fig. 5.13 the electrons ejected from the surface by ion impact are 
accelerated through 40 kV to strike a phosphor surface. The resulting light 
pulses enter a sealed photo multiplier tube and are detected in the usual way. 

5.5 The theory of detection systems 

So far in this chapter we have discussed only the detectors themselves. In 
practice the actual sensors form only one element in the experiment and any 
meaningful analysis of their performance and capability must consider the 
system as a whole. To do so, we must digress briefly to consider the rate at 
which information can be obtained from experiments. 

In principle we can achieve any desired precision provided we are prepared 
to observe our experiment for long enough. Unfortunately there is quite a 
restrictive practical limit to this procedure and we cannot normally extend 
our observation time by very many orders of magnitude. The rate at which we 

can acquire information from an experiment is therefore crucial. For a 
particular experimental configuration there will be a maximum possible rate at 

which information can be collected. This rate will depend upon the 
bandwidth (or response time) of the detector, the ratio of signal to noise 
powers and the statistics or frequency spectrum of the signal and noise. This 
result is due to Shannon who showed that if both signal and noise were 
Gaussian in distribution the maximum information rate was: 

ILPlg2 (l +S2/N 2 ) 

where v is the bandwidth and S 2  and N2  are the signal and noise powers. In 
contrast to the maximum rate, the useful rate at which information can be 
accumulated will depend upon the rate at which the experimental variables 
are changed, e.g. the rate at which velocity or angle scans are made. If these 
are made too rapidly, the signal will vary faster than the detector response 
producing distortion and attenuation. On the other hand, scanning too slowly 
will not utilize the full bandwidth of the detector and the noise power will be 



- 	 HT 
scintillator 	 beam 	 aluminium coatedface 	kovar seal 	 connection 

- 	 Fig. 5.13 Particle counting using an external photomultiplier to prevent dynode contamination 
(reproduced from N. R. Daley, 1960). 
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- higher than necessary (as we shall see, white noise increases linearly with 
- bandwidth). The detector bandwidth should therefore be matched to the rate 

• 	. 	
of scanning, the limit to Fourier terms in the expression of the signal output 
being set by the bandwidth. 

Unfortunately a calculation of the maximum information rate possible in 
an experiment does not provide a prescription for achieving this efficiency. It 
.does,however, provide a yardstick against which we can compare any 
filtering or analysis process we care to contrive. - - - 

(i) Frequency and time domains 	- 

Before we can go on to disèuss methods of filtering etc., which may improve 
the rate at which information can be acquired we must discuss the 
representation of the signal and the noise 

- - 	
For periodic signals it is possible to use a Fourier transform between 

- 	-- frequency and time; Thus a wave-form having a time dependence 1(t) (in the 
• - 
	• 	time doniain) may be equivalently written as a sum of harmonic sine waves: 

• 	 a0 	 I27rnt\ 	f27rnt\ 
+ 	(a cosi 	J+b sin 	 (5.21) 

- 	 -- 	2 	n=i 	 \ T 	 T 

where r is the period of 1(t)  and: 	- 

a = 	1(t) cos 
(27Tnt) 

 dt 

-. 	- 	 • 	 (5.22) 
2 . rT/2 	/2nt\ 

bn j 	1(t) sin 	dt 
T —T/2  

• 	- 	Thus for periodic 1(t) we can work either in a time or frequency domair 
with complete equivalence -and, we are able to consider filtering analysi 

- techniques in either domain. This technique is powerful enough when dealin 
with signals which are periodic but is clearly inadequate to deal with signah 
and noise with randomperiods.  

- 

	

	TheWiéner Khintchine thçorem generalizes these transformations to handk 
random signals and relates two functions, the auto correlation function: 

	

F(r) = 1(t) 1(t + r)dt 	 (5.23 

and the power density spectrum: 

- 	- -• 	 w(=4JF(r)cos(2irf-r)dr 	 (5.24 



Detection and Measurement 	 149 

The auto correlation function is a measure of the 'memory' or correlation 
)f the signal 1(t) over the time 'r. It varies from the mean square value of the 
signal j2 (t) at r = 0 to 1(r)2  (or zero if the signal is pure a.c.) at r = +° and 

contains all the information about the distribution of amplitudes in 1(t). Thus 
aussian white noise containing an infinite range of frequencies, is entirely 

incorrelated so that the signal at time t has no predictive value for the signal 
it t + dt and the auto correlation function is zero except at r = 0. Conversely 
in entirely non-random periodic signal produces an F(r) with a similar period 
xtending over all r for an infinite wave train. 

The power density spectrum W(f), -in contrast to the representation of 
)eriodic signals in Equation 5.21, where only discrete harmonic frequencies - 
ippeared, represents a continuous distribution of frequencies with an energy 
V(f) in the range f to  f + df. This power density spectrum will not in general 
e a unique representation of 1(t), many I(t)s will exist which yield the same 
V(f). 	. 

The bandwidth and response time of the detector can be related by these 
nethods. Thus if the detector output is a time function 5(t) it can be shown that 

(r) can be uniquely determined by a sequence of only 2v points per 
econd where zv is the bandwidth. In other words the change in S over an 
nterval 1/2zv is determined completely by the speed of response limitations 
md not at all by changes in the 'message'. This result is known as the Sampling 
rheorem, i.e., we only need the input Sat a discrete series of 2v points per 
econd to generate the continuous output. S(t). 

'ii) Noise 

['he noise forms (n(t)) we can expect to confront can be divided into two 
lasses. The first comprises the 'highly organized' man made forms coming 
)erhaps from adjacent experiments. Such interference is normally dealt with 
y shielding, turning off equipment etc., and need not concern us further. 

The second class of noise is more fundamental in origin and as already 
liscussed arises from the statistics of the devices used in the experiment and 
he random thermal motion of the electrons, atoms, etc., in the experimental 
irrangement. At absolute zero this noise will reach a minimum. There will 
iso be a contribution to the noise due to the movement of electrodes, 
nechanical vibrations etc., this is often known as flicker noise. 

Nyquist was able to show on thermodynamic grounds that the correlation 
f the thermal noise was zero except for extremely short times, i.e. the 
Luto-correlation function = 0 except for r = 0 since positive and negative 
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deviations cancel. For such noise we can see from Equation 5.24 that the 
power density is independent of frequency. The noise is 'white'. 

The noise voltage developed across a resistor, R, in a band of AP at 
frequency vis: 

	

S(v) (4kTR &)) 
1/2 	

- 	 (5.25) 

For other types (e.g. flicker) n(t) may be correlated- for much longer 
periods and such noise will be far from white. In general we shall need to 
investigate the statistics or power density spectrum of both signal and 'noise 
before desiging an analysis or filtering method that will improve the 
information acquisition rate. 

(iii)' Beam detection 

To proceed further let us consider a specific experiment in which we are 
'concerned to distinguish between the signal due to a molecular beam which 
itself has short term fluctuations and contributions arising from-background 
noise etc. At least two sorts of measurement are required. One with the beam 
running (beam flag open) the other with the beam off (flag closed). If we 
represent the signal due to the beam as a time function s(t) and the 

background noise as n(t) the two measurements will be: 

1 	rT3 

	

= 	j 	(s(t) + n(t)) dt 
T3 —T 2  T 2  

	

- 	 1 	i"2 	
- 	 (5.26) 

	

12 = 	j 	n(t)dt 
T2 —T 1  T 1  

Where the flag is open during T3  - T2  and closed during 7'2 - T 1  the times 

being long in comparison to the response time of the detector. The estimate 1  

- of the steady beam signal where: 

= Lim 
-- $ ' s(t) dt 	 (5.271  

T~ oO 2 T 	T 

- 	 willbe: 	 - 	 -- 

• ' =I1 	12 	 (5.28) 

* We make the assumption that both the signal and the noise are stationar3 
distributions, i.e. their average properties are time independent. This is likel3 
to be a good approximation in most steady state experiments. 
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If the bandwidth of the detectors is AP we may use the central limit. 

theorem to estimate the accuracy of this estimate S. Ninety-five per cent 
confidence limits for S after N cycles of observation off 2  and I  will be: 

±2(Var)) s_
i 	 (5.29) 

and the figure of merit for this detection system defmed as the minimum 
particle current that can be measured with 95 per cent confidence to ±20 per 
cent in an integration time of 100 seconds will be: 

D = (V ar($)'2/C s -i 	 (5.30) 

where C is the sensitivity of the sensor. More usefully we can express Var( 
in terms of the functions s(t) and n(t)t 

Thus 

Var(S) = Var(11 - 12) 

=Var(Ii ) + Var(12 ) - 2 Covar(1 1  12) 	 (5.31) 

But 

Var(n) 
Var(12 ) = 	= Var(h) if Lxv> 1 /t 

tc 

where Var(ñ) is the variance or square of the standard deviation of the 
population of samples t, long viewed through a bandwidth window tiv 

wide - t and t0  being the flag closed and open times respectively. 
Similarly 

	

Var(1 1 ) = Var(s) + Var(ñ) - 2 Covar(ñ, ) 	(5.32) 

and 

Var(S) = Var(s) + 2 Var(ñ) - 2 Covar(ñ, ñ(t + t0)) 

+ 2 Covar(ñ, ) - 2 Covar (§1 h(t + t0)) 

If the signal and noise are uncorrelated 

Var(S) = Var(s) + 2 Var(ñ) —2 Covar(ñ, h(t + t0)) 	(5.33) 

f(Covar(x,y)xy—xy). 
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In this equation the final term represents the correlation between the noise 
during t and during t0  when the beam is on. It is thus a measure of the noise 

- 	memory. For purely white or Gaussian noise covar (ñ(t) h(t,+ r)) 0. In most 

- 	experiments however, this is not true, though if the alternation between beam 
- 	on and off is made slowly enough there will be zero correlation between the 

noise in the two intervals. Thus for these dc experiments the Equation 5.33 

becomes: 

Var(S)= Var(s) + 2 Var(n) 	 (5.34) 

• - 	- •.: .-- The optimum strategy for the ratio between beam on and off conditions is 
• 

	

	. - 	clearly that which will yield equal absolute precision in the two sub estimates 
and I. The best ratio of times t0  and t for beam on and beam off will 

be. 	. - - 

• 	. 	 t = Var(s) + Var(h) 	. 	
35) 

t 	Var(ñ) 	. 

The dc experiment is far from optimum if the noise is correlated, i.e. its 
• 	. 	- 	auto-correlation function is non zero for a range of r. 

Considerable improvement can be effected in this event. Looking again at 
Equation 5.28 we can rewrite the estimate of S .  as 

1.T, 
• 	• 	 - 	• S = J 	s(t) + n(t) - n(t + T)dt 	- 	(5.36) 

T0  

where r = Ti  -fl. To ; here we have combined the two equations (5.26) 

assuming equal on off times The variance for this estimate can be written 
with the covar (n, n',) term replaced by: • - 

- 	• . - • 
	Covar (n, n') = F(T1  - T0 ) - 	 (5.37) 

where F(r) is the auto correlation function 
- 	

- 	 T 
11 • • - 	 • • 	 • 	

F(r) Lim

---  J 	n(t) n(t + r) dt, 	- 	• 
• • 
	 T-- s' 	- T 	 -• 	 • - 

or in the case of successive measurements occupying a finite tiineas here 

•• 	
- 	 F(j)=h1ñ1+1 
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Depending upon the behaviour of F(r) and the period (T1 - T0 )the 

covar term Equation 5.37, will vary from covar (n, ñ')=Var(ñ) at 

(Ti - T0 )= 0, to zero when (T 1  - To )is large. Thus if the period (Ti - T0 ) 

can be made sufficiently short the Var (n) and Covar (n, n') terms can be 
made to cancel, and a considerable reduction in variance is obtained. 

	

Var(S) - Var() 	 - 	(5.39) 

The particular period chosen for (T i  - T0 ) will depend upon the áutó-
correlation function of the noise. This modulation frequency*  is usually 
picked by using the Wiener-Khintchine theorem to find the power density 
spectrum of the noise. The frequency at which minimum noise power is 
found is then the optimum modulation frequency (subject of course to 
detector response time limitations). In practice, the covariance term will not 
completely counterbalance the variance due to the noise. Nevertheless, the 
modulation process is almost always advantageous. Fig. 5.14 shows a typical 
arrangement. - - 

In many applications the noise and signal can be quite highly correlited. It 
is then important to modulate that feature of the experiment which has the 

Beam 

Chopper 
	 _ 

Lamp 	 Photo cell 

fl_fl 	Tuned 
ompilifier 

	

Phase 	Phase locked 

	

shifter 	 detector 

I 	Recorder I 

Fig. 5.14 Modulated beam system with a phase locked amplifier in 
the detection chain. 

Normally the open and closed periods are taken equal in the modulation 
process for electronic convenience and the beam is interrupted by a rotating 
usc driven by a synchronous electric motor. 
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minimum correlation with the additive noise. Thus if we are detecting K 
scattered from a cross beam of another species we should modulate the 
cross beam. Only in this way can we distinguish the K scattered from the 
cross beam from that scattered into the detector by collisions with the 
background gas. 

Still further improvements to the ifitering of the detector output are 
- possible. Consider the two estimates 1 and 12 again, but now suppose that 
we continuously divide the detected signal by some time dependent 
quantity Jt). 

	

11= 	
1 

	dt 
T 3  - T2  T \fl:t) P 

(5.40) 

	

- 	1 	1T2 n(t) 

	

12 
- 	- T I  T, 	

dt 	- 

If fi:t)  is strongly correlated with s(t), for example if f(t) was the main 
beam signal and s(t) the signal scattered at some angle (0). Then the 
differential cross-section a(0) is given by: 

a(0)o SW 

so that 

	

a(0)oLim(1 1  —12) 	 (5.41) 

and the relative cross-section can be estimated directly. The variance of this 
estimate will be: 

Var(a(0)) = 2 Var()_2 	
'(t) ñ(t + T)) 	

(5.42) Covarl -, f[t) 	\fllt) f(t+ r) 

We have removed the variance introduced by changes in the beam intensity of 
Equation 5.34. Experimentally this involves recording the output fromtwo 
detectors simultaneously. One detector recording the main beam and the 
other s(i). This syiteiii of analysis is known as cross correlation. Since the 
main beam signal will be large we can neglect the additive noise and treat the 
recorded signal from this detector as being purely due to beam fluctuations. 

As before, beam modulation can be used to reduce the noise arising from 
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the background. The appropriate auto-correlation function will be: 

n(t + r)\ In(t)\ 

	

dt 	 (5.43) F(r)=J(f( 
r))(f(t)/ 

An alternative procedure might rely upon the signal statistics. For normal 
beam sources the signal auto-correlation is appreciable for quite large r. 
Consequently we could use a modulation technique in which a single detector 
measures the signal intensity sequentially under two different conditions. 
Thus if these different observations are: 

'1 = $ 
T1 

(s(t)+n(t))dt 

'2 $n(t+r)dt 

13=c$s(t+2r)dt 	 (5.44) 
TO 

where cs(t) is the 'normalising' signal condition and r = T1  - To . The estimate 

of a relative to the normalising condition is: 

a= (i1 - 12)113 

averaged over many periods. 
The variance of this estimate is: 

- 1 	s(t) 	2 	

( 	
) 

s(t) 	2 

	

) dt 	 dt Var (a) = -j Var 	- 
c 	s(t + 2r) 	- 	t + r) / I 	 s(  

+ 

	

n 	s(r) dr 
(5.45) (n2  	+2 	

s(t + 27) 

The variance due to beam fluctuations has thus been replaced by a 
measure of its auto-correlation so that if r can be made short enough the 
variance from this source will be reduced. 

Filtering 

The techniques for signal analysis discussed are examples of auto and cross 
cor:1ation. The procedures described are by no means exhaustive. A more 
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comprehensive theory has been developed by N. Wiener (1949). We shall see 
that it is in principle possible to design an optimum filter for any application 

• 	 for which the statistics of the signal and noise are known. 
In any experiment we are in general concerned to measure the scattered 

- 	 intensity as a function of one or more experimental variables such as collision 
eñërgy or scattering angle. The problem is to determine the optimum filtering 

- V 	
• 	operation which when applied to the primary measurements will yield the 

closest approach to Vthe  correct result. 	- 	- 	-. 

	

• 	 V 	Consider a set of m + 1 observations: 

V 	 V 	
b 0 ,b 1 ,. . . bk,. . . b 

V 	 representing a series of intensity measurements at values of. the variable 

V 	 0, 1,. . . k, m. Further let us suppose that the exact values that we should 
haye observed if our measurements had been made under noiseless conditions 

V are: 	 V 	
V 

	

V 	 M0 ,M 1 ,. ..Mk....  

V V: 	 We perform a linear filtering operation with a lag s on the observed values 
• 	• 	•. 	to yield an output. 	

V 

n=hrn 

	

ak_S= E Aflbk_fl 	 . 	 (5.46 
n0 

	

V 	 • 	Where the coefficients A n  represent our filter function of h elements. 

	

• 	• 	• 	The error between the exact value and the output filtered results is 
• 	 V 	 • therefore: 	- • 	

• 	 V 

	

V 	

• 	 ' k—s =Mk_s - ak_s 

	

V 	 V 	
• 

	

• 	 • • 	- 'k—s =Mk_ s  —.A fl  bk_n 	 - 

	

V 	 •• V 	 - 	0 

V 	 - 	- The mean square error over the whole series will thus be: 

- 	 1 	rn+h/ 	fl—h 	 -- 

	

-• . 	- - 	 1 	+ 	(M,._— E Aflbk_fl ) 	
(5.47 

V 	 - 	 • 	 m hko 	n0 

V 

The filter can be optimized in the sense of providing an output with the leas 

	

V 	
mean square error by differentiating Equation 5.47 with respect to each filte 
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coefficient and equating each differential coefficient to zero: 

ai m+h  

	

= 	(m,_. — E A, 1bk_ fl )(—bk_/)=O 
" I k0 	n=O 

E bk_fl bk_i = 	bk_i 	 (5.48) 

	

n 	k 	 k 

But (m + 	bk_/bk_n is the discrete signal form, Fb(n - j), of the 
IC 

auto-correlation function Equation 5.25 for a lag of (n - j). Similarly, 
(m + h)' Mk_ s bk_/ is the cross-correlation function (defined as 
fM(t)b(t +'r)dt), XMb(s - I). Thus we obtain: - 

AflFb(n - j) = XMb (s - I) 	' 	(5.49) 
n=O  

as our optimising equation from which the optimum set of filtering 
coefficients can be obtained. For an additive noise N1 : 

b 1  = M1  + N  

we can write the auto- and cross-correlation functions in Equation 5.49 as the 
sum of the individual functions for the noise and 'message': 

Fb(n - j) = FM(n - j) + F(n - j) + 2XMN (n —1) 

and 

XMb(s—J)=FM(s —j)+XMN(s—j) 	 (5.51) 

Thus information on the message (M) and noise statistics can be applied 
directly to the calculation of an optimum filter. The best lag and length for 
the filter are usually determmed by letting s and m increase until the mean 
square error shows little further decrease. 

In the event that the filtering scheme is required not to produce as closely 
as possible the noiseless 'message' but merely to yield some parameter of it 
such as its arrival time similar techniques can be used but Will yield smaller 
mean square errors. For a more detailed discussion the reader is referred to 
C. A. Robinson (1967). 



158 	 Chemical Applications of Molecular Beam Scattering 

5.6 Ion counting systems 

The foregoing analysis has been made for continuous or analog signals but can 
be extended to include the output of particle counters. The primary signal in 
such counting systems however is still in analog form, e.g. the output of an 
electron multiplier. This signal is digitized by a discriminating circuit which 
has an output only when the input signal exceeds a certain level. The signal 
can thereafter be handled digitally and without fear of adding any electroric 
noise. The optimum threshold for the discrimination depends upon the 
amplitude and statistics of the noise and signal. The larger the difference in 
amplitude between noise and signal pulses the less important the setting of 
the discriminator threshold (Fig. 5.15). 

To extend our analysis to deal with this type of pulse output we must 
interpret the signal and noise time dependent functions used in interpreting 
analog signals as probability density functions. These describe the probability 
of a pulse occurring in a period t to t + dt, i.e. as instantaneous count rates. 
Thus for the simple experiment already discussed in which the beam flag is 
alternately opened and closed at near zero frequency we have 

N = average number of noise counts sec -' 
S = average number of signal counts sec' 
C = neutral particle counting efficiency (counts moleculeT') 
an = standard deviation of the noise count rate. 
The figure of merit*  for the detector (minimsim particle current measurable 

to ±20 per cent in 100 secs with 95 per cent confidence) will be: 

D.= os/C 

For white noise, i.e. uncórrelated arrivals of the noise pulses the de Moivre 

* The maximum rate at which counts may be accumulated depends upon the 
'resolving time' or time after counting one pulse during which the system will 
not respond to another. Due to the random arrival of the pulses some counts 
will inevitably be lost due to overlap. For uncorrelated pulses, if S is the 
observed count rate, t the resolving time, the true count rate n will be 

n= 
1—St 	

(5.52) 

The counting loss should not be allowed to exceed a few per cent or the 
accuracy of the measurements will be badly affected. Particular care is needed 
if the pulse statistics are not Gaussian, thus emission of ions from a hot 
filament occurs in 'bursts' during which the instantaneous count rate may be 
very large. The counting loss may then greatly exceed that calculated from 
Equation 5.52. 
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S/i 

Discriminator threshold (volts) 

Fig. 5.15 Plot of signal/noise ratio versus pulse height 
transmitted showing the optimum discriminator setting. A 
sizeable fraction of the noise has a lower peak, height than 
the average signal pulse. 

Laplace theorem asserts that u1 	N2 i.e. for white noise the figure of 
merit is: 

D=N½/C 	 (5.53) 

The optimum threshold for the discriminator can thus be determined by 
optimizing D above. Improvement in the sensitivity can be achieved either by 
increasing C or by decreasing the noise background. In both cases however, 
the overall improvement in sensitivity will only vary as the square root since 
the noise count is also proportional to C. 

The counting efficiency depends upon the detector (the average number of 
ions or electrons ejected per incident molecule), the transmission to the 
multiplier and the multiplier gain. Conventional multipliers using BeCuO 
plates are sensitive to contamination (particularly by reactive chemical 
species) and are best avoided. Resistive strip or channel multipliers are much 
less sensitive and very much more suitable. 

,17 If the rate o'rnval of the noise pulses is non Gaussian, and in particular, 
if low frequency noise components are present, modulation methods similar 
in principle to those already described may be used. In these systems the 
phase sensitive detector is replaced by two or more pulse counters. Each 
counter is then opened for a different phase of the modulation. This type of 
system can be fairly readily extended to encompass quite complicated 
modulation schemes. As an example Fig. 5.16 (L. T. Cowley et al., 1969) 
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Fig. 5.16. Counting analog of a 'lock in' detector scheme. Both cross 
and main beams are modulated at different frequencies. 

shows a cross-beam experiment in which both beams are modulated, one at a 
convenient multiple of the frequency of the other. 

If m(t) and x(t) are functions representing the main and cross-beam 
signals, n(t) is the background signal from the species being detected and V(t) 
is linearly related to the pressure in the scattering chamber. Then the detector 
output Si(t) will be given approximately by the following table: 

Cross beam 	Main beam 

on 	 on 	S 1 (t)Km(t)x(t)+n(t)+ V(t)m(t)+ V(r)x(t) 
off 	 on 	S2 (t) = n (t) + m (t) V(t) 
on 	. 	off 	S 3 (t)=n(t)+x(t)V(t) 
off 	 off . S 4 (0 = n(t) 

Where m(t)V(t) and x(r)V(r) represent the noise contribution produced by 
scattering the main and cross-beam respectively from the background gas. The 
scattered signal Km(t)x(t) containing the differential cross-section informa-
tion will thus be I=S I  - S2  - S3  #S4 . Arguing as before we can see Var(1) 
will include a number-of terms describing the co-variation of x(r),m(r)V(t) 
and n(t) during the observation periods of S 1 S 2 S3 S4 . Thus if the time spent 
in observing S toS4  can be made short compared to the time over which the 
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functions x(t), m(t), V(r), n(t) are appreciably auto-correlated then the 
variance of I will be reduced. In the figure each of the four scalers is driven 
via a coincidence, anti-coincidence gate so that counts corresponding to the 
four possible beam flag conditions can be accumulated. 

(1) Coincidence and time of flight systems 

The use of coincidence gates can be extended to obtain much more detailed 
infonnation. For two body collisions the centre of mass motion is conserved 
and two particles of mass M 1  and M2  emitted from such a collision and 
scattered through angles 01 and 02 to the incident beam direction must have 
specific velocities v 1  and u2 . Thus if two detectors are sited on a radius of! 
at 0 1  and 0 2  the two emitted particles will produce signal pulses at times 1 V1 

and 1 v 2  one from each detector. In general, pulse pairs will arrive with time 
delays determined by the energy transferred in the collision. A system which 
responds to pulses from different detectors spaced in time by an appropriate 
amount will thus yield information on the exothermicity of the collisions: A 
further advantage is the large reduction in signal variance that can be achieved. 

Let the number of coffisions of the specified sort (i.e. given exotherrnicity 
channel and differential cross-section) be N per second and the number of 
background particles striking at detectors A and B be MA and MB. If CA and 

B are the efficiencies with which the detectors convert particles incident 
upon them to pulses then the number of signal and noise pulses will be: 

AtDetectorA 

	

Noise = MACA 	 Signal = NEA 

AtDetectorB 

	

Noise = MB 6B 	 Signal = NEB 

Thus for random arrival of noise pulses the figure of merit for each detector 
will be: 

JMA /eA 	and 	V'MB/EB 

and the minimum number of potentially detectable events that could be 
measured with the specified precision would be: 

	

[M 	 M 
A 	 EB v 

N= / - 	and 

at each detector. 
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If we now use a coincidence detection system such that an output is only 
taken if detector B has a pulse present in a period r some specified time after 
a pulse has occurred in detector A. Then the noise and signal will be: 

Noise = EAMA TMBCB 

Signal = NEA CB 

(Assuming N<<MA  and MB which is the interesting case.) 
The minimum number of potentially detectable collisions that must occur 

to be measured with our standard precision is: 

N= 	 (5.56) 
CA CB 

Thus if r can be made sufficiently short and CA  and EB are not too different 
from unity a largeimprovement in sensitivity can be achieved. As an example 
let 

CA 	05,MA  'MB  ' 10 and r = 10-  s 

The individual detectors would have a figure of merit of: 

JCA 
i;i 	140 counts s' 

As a coincidence system the minimum count rate would be: 

_ 
= 6.3 counts s 

A CB 

For the coincidence system additional information as to the exothermicity of 
the collision would also be available. Unfortunately the detector requirements 
of high efficiency and yery fast response time are met by few detectors, 
essentially only those involving direct excitation of the multiplier, either by 
the collision of an energetic particle or by a photon being suitable. Relatively 
low backgrounds are also required if the gated detector is not to be 
permanently open, i.e.MAT must be small compared to 1 s. 

Fig.5.17 shows a suitable arrangement for coincident detection. By using 
beam choppers and suitable additional logic units modulation could be 
superimposed on the coincidence detector. 
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Fig. 5.17 Coincident detection scheme. 

The delayed coincident detection system suffers from the drawback that 
only one particular exothermicity is accepted for each setting of the delay. In 
some experiments a range of post collision velocities are present and it may 
be desired to examine their distribution experimentally. The simplest but 
slowest procedure would be to use the coincident system and take a range of 
measurements for different delay times. Another alternative would be to use 
additional delay generators, coincidence gates and scalers, each chain 
corresponding to a different delay time. Unfortunately if many observation 

points are required this arrangement becomes very expensive. In these 
circumstances the arrangement shown in Fig. 5.18 may be used. This system 
employs a pulse height analyzer which is capable of sorting input pulses into a 

large number of separate scalers according to the pulse amplitude. The pulses 

A 
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T 

in time 
A histogram 

 anolyser 	
G 

De 

	

converter 
E 

B 

Detector or 
clock pulse 

Fig. 5.18 Time of flight analysis using a time to amplitude converter 
followed by pulse height analysis. 
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are amplified and discriminated in the usual way and then both detector 
pulses pass to a time to amplitude convector which produces pulses whose 
amplitude is proportional to the time difference between successive pulses in 
channels A and B. The P1-IA then accumulates the output pulses in 
accordance with their amplitude (i.e. time difference in this case). The 
random noise pulses in both detectors are uncorrelated and produce a flat 
distribution. A disadvantage of this system is the relatively slow speed of the 
PHA so that iounts and hence data can only be accumulated fairly slowly. Of 
course, if the available signal count rates are already low, this is no additional 
disadvantage. 

As an alternative to coincident detection a single detector may be 
employed. One of the beams is then pulsed to provide a time reference and 
the received signal gated after a suitable delay. This technique of 'time of 
flight' is discussed in more detail in Chapter 4. 



CHAPTER SIX 

Quantum Mechanics of Scattering 

6.1 Introduction 

This chapnir is largely devoted to deriving the more commonly used formulae 
that relate elastic scattering to intermolecular potentials and to indicating 
how the forward calculation, from assumed potential to scattering pattern, 
can be made. At the outset the notation has been made formal enough to 
allow the framework to cover inelastic collisions, though in practice the 
analysis of such events is much more subject to approximation than is elastic 
scattering. Elementary scattering theory is nowadays treated in all textbooks 
of wave mechanics for phyiicists and notable among these are those by E. 
Merzbacher (1961) and L. D. Landau and E. M. Lifshitz (1958), for their 
treatment of scattering; a fuller development can be found in L. S. Rodberg 
and R. M. Thaler (1967), T. Y. Wu and T. Ohmura (1962) or R. Newton 
(1966). 

The evidence for the breakdown of classical mechanics in calculating the 
details of elastic molecular collisions can be summarized as follows: 

The existence of finite rather than infinite total cross-sections. Expen-
mentally (Chapter 7), the differential cross-section o(x) reaches a finite 
limiting value as the scattering angle tends to zero and so the measure4 
total cross-section also tends to a finite value as the angular resolution is 
improved. 
The observation that rainbow structures have a finite amplitude that 
becomes independent of the resolution as the resolution is improved. 
Classical mechanics (Chapter 2) predicts a divergence in a()) at the 
rainbow. 

165 
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The observation of undulations in a(x), especially at small angles, where 
classical mechanics predicts monotonic behaviour. 
The existence of undulations in the energy dependence of the total 
cross-section, when classical mechanics predicts a monotonic dependence 
(this point will turn out to be closely related to (3)). 

Finally when a cross-section is measured for scattering accompanied by a 
specifiè change in internal quantum state, then wave mechanics will have to 

• be used, if only to treat the internal motion. 
In general, the differences in behaviour predicted by classical and quantum 

mechanics for the details of thermal collisions are very pronounced - unlike, 
say, the quantum corrections to gas compressibiities or transport properties 
at room temperature. The essential factor here is resolution; under conditions 
of poor angular or energy resolution, quantum molecular scattering patterns 
will be close to those predicted by classical mechanics if both results are 
averaged over the appropriate apparatus functions. However, partly because 
absolute cross-sections are difficult to measure, the usefulness of elastic 
scattering data lies in resolving and interpreting the angular or energy 
structure. Here wave mechanics is essential, although low resolution experi-
ments can yield a great deal of information when applied to gross effects such 
as chemical reaction. 

With the insight given by wave mechanics we can see two reasons why 
classical mechanics might break down when applied to an actual molecular 
scattering experiment. The first is that the best wave packet we might 
construct to represent the classical particle by a wave function, does not 
move along a well defined trajectory in the presence of the intermolecular 
field. The second difficulty is .  that classically a particle reaching the detector 
might have followed one of several paths resulting in the same angle of 
deflection. This is a similar situation to the hypothetical interfering slit 
experiment discussed in wave mechanics and the absence of any information 
as to the actual path leads to mutual interference. 

Treating first the approximation of replacing a wave packet by a classical 
particle, there are two aspects of the problem. If we are to use classical 
mechanics for the radial. motion associated with any particular trajectory, we 
require that the equivalent wave packet does not spread appreciably during 
the collision, either in the forward or transverse direction. Such a wave packet 
is constructed from a range of momentum states and if the classical property, 
such as deflection angle or time delay, varies appreciably among the 
constituent waves of the packet, classical mechanics cannot give a reliable 
picture of the behaviour of the whole wave packet, merely of its centroid. 
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If the change in time delay induced by the collision in constituent plane 
waves of slightly differing velocity is too large, the wave packet will begin to 
spread rapidly after the coffision. Under these conditions both the classical 
approximation and the concept of interference between different parts of the 
scattered wave front, frequently used in this chapter, breaks down (T. Y. Wu 
and T. Ohmura, 1962). We saw in Chapter 2 that the classical time delay is 
related to the phase shifts by 

- I a, 2ji 8i 

T'h aE hk ak 

The spread in time delay across a wave packet constructed from a range of 

wave numbers thus, depends upon [a 2 771/8k 2 ] ik. If this quantity becomes 

too large, the 'resonance' must be considered separately (L. D. Landau and 
E. M. Lifschitz, 1958). Fortunately, the maximum time delay normally 
associated with molecular scattering at thermal speeds is 10_ 12 5, which is 

much shorter than the time taken for the whole wave packet to pass the 
target. Long delay times, associated with classical orbiting, do occur but 
affect only a small part of the incident wave front. 

A wave packet also ceases to behave like a classical particle if the 
predominant wavelength A (= 11k) becomes comparable to the range of the 
scattering potential. Under these conditions reflection occurs from the 
regions of more rapidly changing potential - an entirely non-classical 
phenomenon. At thermal energies X/üLJ 0.2 and so such reflections (and 
associated tunneling phenomena) should not cause a widespread breakdown 

of classical mechanics. 
A rather different reason why we might not be able to construct a wave 

packet that moves along the expected classical trajectoly, lies in the precision 
with which we must specify the impact parameter and the effect this has on 
the uncertainty in the transverse momentum of the wave packet, px .Let the 

angle of deflection in CM coordinates be x; the transverse momentum 

transferred from projectile to target is 

Px bWz S1flX.UVzX 	 (6.1) 

where the initial velocity is in the z-direction. In theory we can construct a 
wave packet with as precise a transverse velocity as we wish, but the price is 
paid in the growing uncertainty of the lateral displacement, b. Like all 

relationships based upon wave packet considerations, the result is given by 
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the appropriate uncertainty principle, 

- h. 	 (6.2) 

For the classical trajectory to be well defmed, we require öb < b and so the 
wave packet must be constructed from a range of momentum states of width 

Px > IVb. This uncertainty 6 p, implies, from Equation 6.1, an uncertainty 
- - ifi- theangleof-deflection 6X given by 	 -' 

(6.3) 

From Equation 2.31, x is related to b at small deflections by 

x sC(EM) V(b)/E, 	 (6.4) 

the first relationship holding for a potential of the form V = CR If the 
fractional uncertainty in the angle of deflection is to be small, 5x/x < 1, 
combining the above relationships gives 

(6.5) 

But from Equation 6 4, x b and so whatever the value of X Equation 6.5 
-imposes a lower limit on x beyond which the scattering cannot be classical. 
At thermal energies X_ 1O_ mm and so the breakdown of classical 
scattering can be expected for angles less than 1 ° . When the partial wave 
analysis of scattering is discussed, it will emerge that at very small angles, in 
contrast to larger angle scattering, the scattered intensity cannot be attributed 
to a narrow range of impact parameters centred around the value correspond-
ing classically to' the angle of observation. 

For molecular scattering, a much more important deficiency of classical 
mechanics is its failure to, take into account interfering trajectories. These 

-arise when two or more impact parameters lead to the same angle of 
. deflection. In an actual scattering experiment the target is bombarded by a 

beam of macroscopic dimensions that, however well collimated, contains a 
virtually' infinite number of angular momentum states. Even if the beams are 
stopped down to 0.1 mm (which would be very good collimation) the range 
of possible impact parameters would extend to 106  molecular diameters. If 
the beam were made so narrow that it extended over only the dimensions of a 
molecule, diffraction effects at the slit (themselves a scattering phenomenon) 
would be so pronounced that the measured differential cross-section could 
not be defmed with respect to a parallel incident beam. 
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No measurement is made of the impact parameter during the collision and 
we must make any wave function of the system reflect this virtually complete 
uncertainty. Adopting the terminolo' of optics for a moment, a detector in 
a beam experiment receives contributions from all the secondary scattered 
waves originating across a virtually - infmite wave front. The amplitudes of 
each partial wave must be added before squaring to calculate the resulting 
intensity. If we choose to analyze the problem in terms of angular 
momentum states, the scattered amplitude resulting from each state must be 
added to calculate the fmal scattered amplitude. It will emerge that in 
molecular-scattering there are, over a wide angular range, frequently two or 
three groups of angular momentum states with almost stationary phase and 
these correspond to classical interfering paths in R. P. Feynmann's and A. R. 
Hibbs' (1965) sense. - 

6.2 Boundary conditions for solutions of the wave equations 

The wave mechanical problem is discussed in the relative co-ordinate system 
that was used for the classical treatment, augmenied by whatever internal 
co-ordinates are necessary to cover inelastic events. The motion-of the centre 
of mass of the whole system is factored out of the wave function, leaving the 
wave functkn for relative motion /i(R) to satisfy 

—h2 /2zV 2  + V(R)}'4'(R)E'T!(R) 	 (6.6) 

where, as for most of this chapter, the colliding particles are assumed to be 
structureless. Ji(R) must have the following asymptotic form outside the range 
of the potential V(R); 

T(R) 	> --- 	feiz + 	 (6.7) 
R-V' 	R 

and also satisfy 

'I'(R) 	- 	0 	 (6.8) 
R- 0 

This type of wave function can be interpreted with the aid of the momentum 

operator, 

;iv = —iha/aR 	 (69) 
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and the derived flux Equation 6.10 below. The gradient in Equation 6.9 is 
taken in the direction in which the component of the velocity of the 
equivalent classical particle mass .z is required. 

The first term in Equation 6.7 represents a plane wave travelling with 
velocity v = bk/p in the z-direction and the second term is an outgoing 
spherical wave with an angle dependent amplitude f(x). The function f(X) 
contains all the information about the scattering process and it is central to 
the discussion of al scattering processes. The plane wave function exp(ikz) 
represents a uniform density of particles extending from z = T °°  to 00; 

Equation 6.7 thus represents a steady state solution with a continuous input 
of particles. The plane wave in Equation 6.7 also has an infinitely broad 
front, unlike the well collimated beams of actual experiments, but no error 
will result if interference terms between the incoming and outgoing waves are 
neglected except in the region where they do in fact overlap along the 
positive z-axis. 

Before the calculation of f(x) is discussed, the use of Equation 6.7 is 
illustrated by deriving the formula for the elastic differential cross-section 
0(x) in terms of f(x). The asymptotic flux at a point (R, x, ) other thanon 
the z-axis is given solely by the second term in Equation 6.10 as R 
provided that the incident beam is of finite width. Applying the standard 
formula for the flux, 

= - ----{ 	
- 	 (6.10) 

(Note that the normalization factor .K in Equation 6.7 must have the 
dimensions of volume in order to give j the dimensions of flux and it is 
conveniently assigned the value 1 cm 3 ), the plane wave gives a. flux of v 
particles cm 2  in the z direction and the spherical wave in Equation 6.7 
yields 

JR rlf(x)1 2 v/R 2 	 . 	(6.11) 

Only the radial component of j is non-zero (as can be verified later) after the 
scattering is over. From the definition (see Section 2.1) of the differential 
cross-section a(x)  in terms of the number of particles dn scattered into a solid 
angle dw per second per.unit incideht flux, Equation 6.11 gives 

dn= If(x)1 2  dw 
and so 

cJ(,)=dn/dc.= If(x)1 2 	 (6.12) 
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The total cross-section follows from the integration of a(x) over a sphere 
centred on the scattering centre: 

2n ir 

utot=Jf If(x)1 2  sindxd 	 (6.13) 

We can discuss some aspects of the conservation of matter during collision. In 
order to generalize the discussion a little, we will suppose that the target has 
internal states 'F(r) and that these can be excited during collision. Equation 
6.7 is then readily generalized to 

'I' 	e"I o (r) + 	E f(x) euInR 4n(r) = 
R-°° 	 R=0  

(6.14) 

where the normalization factor has been dropped and the wave number k is 
given by 

(6.15) 

where E = E0  - En is the relative kinetic energy after exciting the nt h  state. 
The conservation of energy is thus built into the wave function..To ensure the 
conservation of particles, the total current across a closed surface s 
surrounding the scattering centre must vanish: 

YL  $in.ds=o 	 (6.16) 

where in is the flux of particles scattered with excitation of the n th  state and 
the integration is conveniently over the surface of an infInitely large sphere. 
In principle, we can measure separately the fluxes associated with exciting 
different internal states by placing a velocity or state selector in front of the - 
detector. If this is not done, the total signal i received by the detector is the 
sum of the contributions from the different states: 

i(x) = 	i(x), 	 (6.17) 
n 

since there is no interference between the signals, just as the total 
cross-section is the sum of the cross-sections contributed by different exit 
channels rather than the square of the sum of the scattered amplitudes. We 
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thus extend the flux formula slightly to the inelastic case by writing 

—'I' 	 (6.18) 
.2zp 

where the orthogonality of the internal states 4 ensures that there is no 
asymptotic interference between different exit channels. -' 	 - 

The expression 6.18 is most conveniently evaluated by changing com-
pletely to spherical polar coordinates, and so the plane wave component is 
written euIR COSX. The number of particles scattered per second that leave the 
target in its original state, i o  is then' 

io 	jodS=jR2 sinXdX(eoRc0sxVRe_oRc0sx 
S.  

.+R_le11CoRc0sX Vf o (x)C kOR + R etkoR fo(X)V R e_oRcosx 
' 	

- 	+R21f0(x) I2e&0R  VRe !c0R - complex conjugate } 
	

(6.19) 

The reader, should follow through each term in Equation 6.19. Thus, the 
- ,  first term reduces to (irhR 2  /.Kji) f0

21T 
 k cos x  sin  x dx, which vanishes by 

symmetry. The second and third terms t&gether with their complex 
conjugates represent interference between the plane and spherical waves. 
Upon repeated ii:itegration  by parts, an expansion in 1 /R is developed. 
Retaining only the leading term as R - oo, the result is 

4iw 	 2iw0  
- 	= -Imfo (0) + - 7;-j' 0  I fo(X)I 2  sin Xdx(vi = hk/jz) 	(6.20) 

where the first term comes from the second and third terms in Equation 6.19 
and the second term from the fourth and fifth terms in Equation 6.19. We 
note that, in accord with experimental conditions, the interference term (the 
first one in Equation 6.20) between the plane wave and the spherical 
scattered 'wave depends only on the forward scattered amplitude, f(0). For 
particles scattered inelastically, the interference term is absent and 

' 

	

	

i = 2v% 	J 1f(x) 1 2  sin xdx 	 (6.21) 

Then, the inelastic differential cross-section is 

- 	 Gn(X) = i(x) . .A1/v = v/v0 If(x) 1 2 	 (6.22) 
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and the total cross-section, obtained by generalising Equation 6.13, is 

t0t= 27r 	J Un() Sfl dx 	 (6.23) 
n t,o  0 

The conservation of particles results in 

in = o 	 (6.24) 
n=O 

and so 

atot=?Imfo(0) 	
(6.25) 

which shows that the conservation requirement is fulfilled by the interference 
between the incoming and outgoing elastic channels in the forward direction. 
The result Equation 6.25 is known as the optical theorem an 4  also holds in 
the presence of reactive scattering, which simply adds other exit channels. 

6.3 The formal solution of the wave equation 

We now come to the problem of solving the wave equation itself, subject to 
the boundary condition of Equation 6.7, so that the scattered amplitude can 
be. extracted. The wave equation can either be solved as a differential 
equation or converted to anintegral. equation. The former turns out to be the 
more convenient path for molecular scattering problems, but the integral 
equation approach leads directly to Born's approximation which occupies an 
honoured place in scattering theory - though in its full form it has little 
application to molecular as opposed to electron scattering. The wave equation 
for elastic scattering, Equation 6.6 can be re-arranged in the form 

(E - H0 ) 'I'(R) = V(R) 'I'(R) 	. 	(6.26) 

where H0  is the kinetic operator for relative motion, 

h2 11 3 	3 	1 	3 	3 	1 
H0 =-- --R 2 —+ 	—sinx—+ 

2i R 2  3R 	3R R 2  sin x8x 	ax R 2  sin2  x 	
(6.27) 

and V(R) is the potential ener' of interaction. If the terms on the r.hs. of 
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Equation 6.26 are for the moment regarded as known functiOns of the 
co-ordinates, p(R), the whole equation assumes the form of an inhomo-
geneous second order differential equation but with a particularly simple 
differential operator on the l.h.s. 

	

(E—H o )'1'(R)p(R) 	 (6.28) 

--- - Now -a general solution of such an equation havingany required asymptotic 
form can be constructed from the appropriate Green's function, G(R, R'), 
which in turn is a solution of the inhomogeneous equation 

	

- (E—H 0 )G(R,R')=6(R—R') - 	 (6.29) 

	

Direct substitution into Equation 6.28 shows that 	- 

l'(1)=fG(R,R')p(R')dR 	 (6.30) 

is a particular solution of Equation 6.28 when the following property of the 
delta function is used: 

p(R)= $6(R - R')p(R') dR' 	 (6.31) 

A : complete solution of Equation 6.28 is then the sum of the particular 
integral, Equation 6.30 and the solution of the homogeneous equation 

- (H0  - E) xo(R) = 0 	 (6.32) 

giving - 

	

W(R) = Xo(R) + jG(R, R) p(R') dR' 	 (6.33) 

We choose x0(R) to be eikoR and so a Green's function having the asymp-
toticR dependence e"0'/R  is needed. The required result is: 

ji 	e Co 'I 
- 	- 	- 	G(R, R') = - 	

R - R' I 	
-- (6.34)- 

Then, letting R 	so that over effectively the whole field of integration in 
Equation 6.33 R > R', the following result for f(x) (the coefficient of 
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ikoRiR in Equation 6.33) is obtained: 

	

= 	
2 J e 

.R' V(R') 'I'(R') dR' 	 (6.35) 

where k0 lR—R'k0(R—R' .R/R)k 0R—k•R' has been used andk 

s the wave number vector in the direction of observation R. The angle of 

cattering, x is the angle between k and k 0 . It may not seem that much 

rogress has been made in Equation 6.35 because the exact wave function 
;till appears in the expression. However, the way is now open for the 
ievelopment of a series expansion of the scattered amplitude in terms of 
V(R) - the Born expansion. The first Born approximation gives 1(x) to 0(V) 

md is obtained by substituting the undistorted plane wave function for the 

exact wave function (R') in Equation 6.35. In general the nth order 'P 

approximation to f(x)  is obtained by substituting the (n - l)th approxima-

tiôn to the wave function into Equation 6.35 but only the first and second 
order approximations are at all used. Pursuing the 1st order approximation we 

have 

	

f(x)= 	e _kr V(R')dR' 	 (6.36) 

Then with 

k_k0 1=2ksinx/2=q 	 (6.37) 

we may take the threction of the vector q as a new polar axis to replace the 
z-axis and carry out the angular integration in Equation 6.36 with respect to 
this new axis with a as the new polar angle. The volume elements of 

integration transform as 

R 2  sin x dxddR = R 2  sin a dd'dR 

and the scattered amplitude becomes for a central potential 

2p 

	

J(q) 	= ---- J sin (qR) V(R)R dR 	 (6.38) 
0 

This is the first -Born approximation. It suffers from one formal fault and one 
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practical disadvantage. Firstly, it gives a scattered amplitude that is wholly 
- real and so cannot satisfy the optical theorem; this is the result of using an 

undistorted plane wave in the source function p(R) without taking into 
account the attenuation of the incident wave. The second difficulty is that 
the integral in Equation 638 diverges for all commonly used molecular 
potentials (more precisely, for all functions V(R) that vanish more rapidly 
than R '). From a physical point of view, all molecular potentials have a 

- hard core extending out to several times *at thermal energies which causes a 
major distortion of a considerable pat of the wave front and which cannot 
be conveniently treated by perturbation methods. It is indeed a pity that the 
first Born approximation for f(x) is not applicable to molecular scattering 
because if. the phase as well as the magnitude of f(q). can be Obtained 

• experimentally over the coiiiplete angular range, the inversion Of Equation 
638 to yield the potential directly is possible, but this route to V(R) is only 
open for electron scattering, since the potential is then a shielded Coulomb 
one. To proceed further we must make a partial wave analysis of the problem. 

6.4 The partial wave expansion 

• 	- 	The standard procedure for separating the variables in a wave equation 
• 	governing the relative motion in polar co-ordinates is to write 

W(R) =g(R) O(x)(Ø) 	 (6.39) 

For the central potential problem, the wave equation 6.26 then separates into 
three equations familiar from bound state problems (e.g. the hydrogen atom), 
the only difference being in the functional form of the potential and the fact 
that the total energy is positive. The separated equations for radial and 
angular motion are: • - 

h2  id 	dg, 
• 	-- R2- +V(R)gj+l(l+1)gj =Eg, 	(6.40) 

sin x 	
d® 

sin x -- - m 2  sin 2 x e,m  = 1(1 + l)®im  -• 

d2m/dø2m2cI 	
(6.41) 

The last two equations have as solutions the spherical harmonics, Yim() ,  ) 
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riosely related to the Legendre polynomials, Pim (cos x); 

Ii- 

	

®im(X)m(ø) = Yi m (X, 0) = (_ l)m [(21 + l)f4ir]3/z 	Pim(COS X)emO 

(6.42) 

We now see if a solution of the form 

	

'I'(R)=g,(R) Yim,0) 	 (6.43) 

where g1  is the radial wave function of the Ith angular momentum state, can 
be made an acceptable solution of the scattering problem. In comparing 
Equations 6.43 and 6.7 a difficulty at once emerges in that the asymptotic 
form of Equation 6.7 does not refer to a particular angular momentum state 
but to the totality of all such states that make up an infmite plane wave, i.e. 
the angular momentum quantum numbers must be introduced into Equa-
tion 6.7. Clearly, in order to arrive at Equation 6.7, a linear combination of 
degenerate terms of the type Equation 6.43 will have to be taken - 

'I'(R) = 

	

	Ai m  g, (R) 1'im (x 0) 	 (6.44) 
i,m 

The weighting Ai m  that is given to each state must be such that 
asymptotically, the wave function iji contains only an incoming plane wave 
and an outgoing spherical wave without an incoming spherical wave. Once the 
coefficientsA,m  have been found, then the scattered amplitude is determined. 
To find these coefficients we need the expansion of a plane wave in terms of 

the spherical harmonics 

e 	= (41r)Y2 	(2! + l)'2  i/ (kR) Y io  (x, 0) 	(6.45) 
io 

where the polar axis has been taken to be the z-axis and the spherical Bessel 

functions /,(kr) are one class of the solutions, f1, of the radial wave equation 

with zero potential: 

1(1 + 1) 
P2 	-2 fl(P) + fi(o) =0 	(6.46) 

pdp dp 	p 

where pkRandkhj.w. 
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The solutions of Equation 6.46 can be made the building blocks of th 
solution of any problem in the continuum, just as bound state problems ar 
conveniently expanded in terms of the more familiar Laguerre or Hermit 

polynomials. Two different types of solution can be distinguished by thei 
behaviour at p = 0, the regular (i.e. tending to zero) solution j behaving as 
and the irregular or Neumann functions n 1  behaving as p (1+1);  a few of thei 
properties are listed in Appendix 1. The functions j and n1 , being entire1 
real, do not represent any net flow of particles. Their asymptotic form o 
large p, however, suggests that they can be decomposed in the manner o 
ordinary trigonometric functions to give two complex functions whic] 
represent incoming and outgoing waves respectively. These are the Hanke 
functions of the first and second kind 

h5' p) = f,(p) + in1(p) 	-- e1' - + 1 )1r/2) 

p -' 00  p 

(6.47 

h2)(p) = Ii(P) - in,(p) 	> 	e'(p- (1+ 1) 1112) 
- 	 p -' 00  p 

The two Hankel functions are complex conjugates, separately satisfying thi 
wave equation 6.46 and the recurrence relationship (A2); h') and 
represent a flux that falls off uniformly as R 2  - as may be verified b1 
substituting Equation 6.47 into Equation 6.10, the results for h(l) and h. 
being 

/(kR)2. 	 (6.48 

Returning to the plane wave expansion of Equation 6.45, we can ask fo 
the probability of finding a particle with angular momentum lh in a plane 
wave. This is a familiar type of problem in wave mechanics and in Equatior 
6.45 we have the required expansion in terms of the eigenfunctions of th 
angular momentum operator. Noting from Equation 6.48 that the flux oi 
particle density represented by the radial part of every angular m9mentun 
state is independent of 1, inspection of Equation 6.45 shows that the square 
of the coefficient of the product eigenfunctions j,Y 10  are proportional tc 
21 + 1. This result is often given a simple geometrical interpretation. The 
classical impact parameter is redefined as being related to I by 

k!,, = 1 	 (6.49; 



2uantum Mechanics of Scattering 	 179 

which at first sight seems to imply that b is quantized through the 
uantisation of l. The interpretation is that all impact parameters lying 

)etween b 1  = A and (1 + l)X correspond to a single quantum state with angular 
nomentum lii. Thus, if the wave front is pictured divided by concentric 
ircles into annular zones, the radius of the 1th circle being b,+1 , the area of 

the It h zone is, from Equation 6.49 (21 + 1) n/k 2 . If the intensity across the 
wave front is uniform, the number of trajectories passing through the 1th  zone 
Ls proportional to its area and thus the probability of picking at random a 
rajectory with angular momentum lh is proportional to 21 + 1 as in the 
uantum treatment. 

In our analysis of scattering in terms of partial waves, we now have the 
isymptotic form 

T(R) 	) + l)i'f,(p) + cihO(p)}P,(cos x) (6.50) 

where the scattered spherical wave has also been subject to a partial wave 
malysis, 

p'f(x)e' = c,h')(p)Pg(cosX) 	 (6.51) 

The program now is to solve the radial wave equation 6.40 for the functions 
,(p) and then to compare expressions 6.44 and 6.50 so that the c,(p) can be 

identified. 
The precise asymptotic form of the function g,(R) can only be found by 

integration of the differential Equation 6.40 but its general form can be 
readily found by the following argument. If the potential term in Equation 
6.40 has a range that is shorter than the centrifugal term, that is, it falls off 
more rapidly than R 2 , then as R the centrifugal term 1 2 h2 /2p.R 2  alone 
need be retained. The wave equation then becomes identical with the radial 
equation 6.46, the relevant solutions of which have already been identified as 
the spherical Bessel functions; we thus conclude that the asymptotic solution 
of the complete radial wave equation must be a linear combination of j  and 

g1(p) 	'a,j,(p) + b1n1(p) 	 (6.52) 

As the potential term in Equation 6.40 tends to zero, only the regular 
olution remains and one can say that the effect of introducing the potential 
term is to mix some of the irregular solution n1(p) with the regular solution. 
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Beam Scattering 

The fuller significance of this can be seen by 	itng without loss of 
• 	 generality 

a,=dcos, ' 
(6.53) 

sifl?7 1 ) 

• 	
- 	so that 

g, 	sin (p — fir1+iii), 	 (6.54) - 

where 

tan 1 =b1/a, 	 (655) 

• 	Thus, the only effect of the potential is to introduce a phase shift into the 
elastically scattered wave. 	 - 

Before discussing the solution of the radial wave equation subject to the 
• 	limiting form Equations 6.52 or 6.54, the relationship must be found 

between the phaseshift or the coefficients a1  and b, and the differential 
cross-section, which is the actual measured quantity. To do this, we return to 
the complete partial wave expansion 6.50 which we write in limit of largeR 
as 

'I'(R) 	(d,h') + 4/42))P1(cos x) 	(6.56) 

where 

	

b, = ½i(d, 
- 	

0 	(6.57) 

Upon subtracting a plane wave from Equation 6.56 only an outgoing spherical 
wave must remain if the solution is to correspond to scattering; to facilitate 
this operation we write Equation 6.50 as 

'11(R) 	 6(21 + 1)i'(h') + h 2))P,(cos x) + 	c,h')P1(cos x) (6.58) 

In general, the Legendre polynomials are not all zero for any value of x, so 
• that to match Equations 6.56 and 6.58 we equate coefficients of the P,() 

(6.59) 
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andso 

	

91  = ½i'(21 + 1), c1 =d, (21 + 1)i1/2 	(6.60) 

Restoring the phase shifts 17, from Equations 6.57, 6:55 and 6.60 

	

d,= 1h(2l+l)i'e21 	 (6.61) 

so that the coefficient of e ikR  in Equation 6.7 becomes 

	

1(x) = -k-- E (21 + 1) {e21' - 1 }P,(cos x) 	(6.62) 
2,k, 

Instead of writing the important result, Equation 6.62; in terms of the phase 
shifts, greater symmetry and a more flexible notation results if a new set of 
quantities is defmed that make up the scattering matrix {S}. The diagonal 
elements of this matrix { S } are the ratios of the amplitudes of the outgoing 

and incoming spherical waves in 1th  channel in the limit of large R. In the 

elastic case the complete wave function can be written 

iP' 
{e z(p— hr/2) - S11  e'' - 11r12))p(cos x) 	(6.63) 

where, from Equation 6.56 

	

s11  d,1 1  = e21' 	 (6.64) 

The complex elements S,,, form a square array and in the central forces 
elastic scattering case the conservation of relative angular momentum ensures 
that only the diagonal elements S 1  are non-zero and that the wave equations 
for different angular momentum states are uncoupled (as in Equation 6.41). 
The components of the S matrix can be regarded as transforming an incident 
spherical wave in a particular channel into an outgoing wave in the same or 
another channel. The S matrix elements thus conveniently store all our 
knowledge of the scattering effect of any potential and they replace phase 
shifts and transition probabilities. 

We can immediately derive a formula for the scattered amplitude in terms 
of S,1 by substituting Equations 6.61 and 6.64 into 6.62: 

1 
f(x)=-jE2I+1){Su-1}Pi(cosX) 	(6.65) 
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If inelastic exit channels open up (those in which the final values of the 
internal quantum numbers differ from the initial values) then Equation 6.65 
still holds if the summation is carried out over only the diagonal elements, 
Sni: n i where n labels the initial state. The phase shift notation does not adapt 
quite so readily,. To anticipate the results of Chapter 8, the simple factor e 2 ' 

in Equation 6.62 must be replaced by e 2 "He tn in the presence of inelastic 
events, where ti,n  is a measure of the attenuationof the 1th  partial wave. 

'The total cross-section in terms of the S matrix elements is found by 
forming I f(x) 1 2 from Equation 6.65 and integrating over all scattering 
angles: 

Ir 
0total = 	(21 + 1) { 5i 

2 
+ 1 - 2Re(S,,)} 	(6.66) 

where the orthogonality of the Legendre polynomials, has been used. 
In writing down the asymptotic form Equations 6.56 or 6.58 we have not 

made use of our kilowledge that elastic scattering cannot lead to net 
adsorbtion or emission of particles, whereas Equation 6.54 does contain 
this information. To apply this conservation condition to Equation 6.63 and 
hence to the S matrix, we substitute Equation 6.63 into the expression for 
the flux Equation 6.3 and integrate the result over the surface of a sphere at 
infinity; the resulting current is then placed equal to zero, 

	

= 4ir 	1' i , 12 - 2,s,1 	= 	 (6.67) 
J1 

leading to 

Is1112 = 1 	 (6.68) 

whence Equation 6.66 becomes 

	

Utotal = 	(21 + 1) {1 —Re(S,,)} 	 (6.69) 

Applying the optical theorem to Equation 6.65 also yields Equation 6.69 
which thus also applies in the presence of inelastic or reactive scattering, 
provided that the summation is carried out only over the relevant diagonal 
elements of the scattering matrix, Sn i: n i, where n agains labels the initial 
quantum state. 
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Although it is not of direct use in computing individual elements of the 
large scattering matrices met with in molecular scattering, the formal 
description of the S matrix cannot be left without mentioning that it is a 
unitary matrix. For elastic scattering the required result follows immediately 

from Equation 6.64 that 

{s}{S*} =1 	 (6.70) 

More generally (see also Sections 6.14 and 6.15) if the colliding molecules can 

exist in a variety bf internal states with wave functions OaOb••• then the 
asymptotic form ofEquation  6.63 becomes 

> 1a 	1p _
1

{ e _i(kaR 1nf2) _Saz:a,ecaR hTt2)}P,(cos x) 

jP' Sal:b ,e (R_12)P,.(CoS x) +. . . 	(6.71) 

for a collision which began in internal state a, where a!, bl', are said to label 

the entrance and exit channels. If the system had begun in state b, the formal 
description of the asymptotic wave function would be similar to Equation 
6.71 with the S matrix elements replaced by Sbl:al', Sbl:b1 etc. Note that in 
every case the incoming wave e JcR would be associated. only with the 

entrance channel. 
A colliding system starting in state 'a' is, through the orthogonality of the 

ø orthogonal to a system starting in any other state. Furthermore, 
although the system may emerge in a mixture of states a, b . . ., it must 
remain orthogonal throughout the collision to a system originating in any 
other entrance channel because the colliding system as a whole is not acted 

upon by external forces andso must remain in the same quantum state until 
perturbed by the act of observation. At the end the act of observation will 
force the system to be registered in one of the states a, b . . . and for any 

partial wave the probability of emerging in a particular exit channel b from an 
entrance channel a is 

'a11b/' 	ISal : bl'1 2 	 (6.72) 
1' 	 1' 

The orthogonality of states is simply expressed for any pair of entrance and 

exit channels al and bl' 

Sai:nj" S1': 1 y' = 0, 	unless b = a,!' = 1 	(6.73) 
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Similarly, in order to conserve flux, the complete wave function "a must 
remain normaljsed throughout the collision, i.e. 

I S jj: j " 2 = 1 	 (6.74) 

These conditions are automatically fulfilled when the S matrix is accurately 
- 	- - calculated (a veiy difficult matter for complex systems) and together they 

result in the unitarity of the complete S matrix. 	- 
With the aid of Equation 6.62 the problem of calculating f(x) for elastic 

- èollisions has been converted to one of finding the phase shifts i7 l  or, 
equivalently through Equation 6.56 of finding the relative asymptotic 
contributions of the. spherical Bessel and Neumann functions to the solution 
of the radial wave equation 6.40. 

Defining a slightly modified radial function G(p) 

G 1 )=pg1 ) 	 (6.75) 

so that first derivatives are eliminated in the wave equation; 

• 

	

d 2  G 	1(1+1) 
2 G, G, = 

	

dp 	 p 
where 	 - 	 - 

= 21 V(p)/(hk)2 • (6.76) 

the problem is reduced to solving the second order linear differential Equation 
6.76 subject to 6.54. For the general potential there are no analytical 
solutions to Equation 6.76. For some specially constructed potentials, 
solutions can be found for 1= 0 and for the Coulomb, square well, hard 
sphere and delta function potentials there are solutions for I >0 in terms of 
known functions. Unfortunately, none of these is a good enough potential 
form to fit the high resolution data now available. Numerical methods of 
solving Equation 6.76 are discussed in Section 6.8,but first we pursue a little 
analysis in order to arrive at some approximations. 

6.5 The Born approximation for the phase shifts 

It is instructive to convert Equation 6.76 into an integral equation and to do 
so the inhomogeneous form is again adopted: 

L
(1(1+1) 

	

+ 	2 - 1) G, = - (p) dp2 	
G, 	 (6.77) 

 p 
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If two linearly independent solutions of Equation 6.77 with V = 0 (i.e. two 

complementary functions) are known, v,(p) and w,(p), then a general solution 

is 

G,(p) = w -' 	WI 1Gjdp' + w1 s v?'VGzdP') + Nf,(p); f = v 1  or w 1  

(6.78) 

where WistheWronskian(v,w _w,o)ofu,andw,andthe constants N,a andb 
arc as yet undetermined. That this is a solution of Equation 6.77 can be verified 

by direct substitution and it contains the two adjustable constants a and b 

needed to fit the boundary conditions of a second order differential equation. 

As p  -0, we require that only the regular solution remains so clearly a must 

be put equal to zero and w 1  identified with p/,(p). As p -+ °° the solution 

must become a linear combination of the functions/, and n1 ; furthermore, in 

the absence of a perturbing potential the solution must be everywhere p/,(p). 

Dealing with this latter condition first, it is apparent that whatever values are 

assigned to a and b, G1(p) will tend to Nf, as V tends to zero; clearly pj,(p) 

must be inserted for Nf1 (p), (N is not an adjustable constant but a scaling or 
normalising factor which does not affect the following argument). If, now, b 

is put equal to oo, Equation 6.78 becomes 

G,(p) = p (n1(p)1P 
1/) 'VG,p')dp' + ji(p)j.n,(p)P -KG 1(p')dP'.} + pj,(p) 

and so from Equation 6.55, in the limit p - 

tan i7l  =f pj1(p)'VG,(p)dp 	 (6.80) 
0 

where, it is worth emphasising again, pG,(p) must be asymptotically of the 

form Equation 6.52. If, now, V(p)is everywhere small0 , the dominant term on 

the R.H.S. of Equation 6.79 is pj, provided that integrals of the type 

Equation 6.81 below converge and p is not too small. Substituting P/i for 

G1(p) in Equation 6.80 gives 

tan '17: iii 	p 2 j,(p)2 V(p)dp (to 0(V)) 	(6.81) 
0 

which is the first Born approximation for the phase shift. Although the Born 
approximation to the scattered amplitude, Equation 6.38, diverges for all 
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potentials of the type R -3  with s> 1, the limiting behaviour of the spherical 
Bessel functions as p 7tO (appendix A) shows that the Born phase shift 
expression 6.81 is integrable for 1> V2(s - 2,s - 1), (s even, odd). Whether 
the resulting value of 77, is reliable depends upon the extent of the distortion 
of the incident plane wave by the intermolecular field and a measure of this is 
the actual phase shift calculated. Equation 6.81 is commonly held to be 
unreliable for phase shifts greater than half a radian. For these larger phase 
shifts the secorid Born approximation (obtained by including terms 0(K) in 
G,(p) is rarely used and instead a semi-classical approximation (Section 6.7) is 
adopted or the wave equation is solved numerically (Section 6.8) 

6.6 Small angle scattering; the random phase approximation 

We recall that elastic is always strongly forward peaked and that most of the 
particles are scattered out of the beam by less than a degree. Thus, regarding 
the total cross-section as the integral of the differential cross-section, we can 
hope to get a good approximation for the former, if we calculate only the 
small angle behaviour of a() accurately and this suggests the use of the Born 
approximation. Because of the factor (21 + 1) in Equation 6.62 we concen-
trate on the outermost branch of the deflection function and calculate the 
contribution to u(x) from a potential of the form 

V(R) = _CsR_s 	 (6.82) 

Substituting Equation 6.82 into Equation 6.81 gives a standard integral and 
yields 

/  
f(s- 1)r(l— 

s 
— 1- 

3 
- 

 2 2 
771 

----• I) 	iT' 	
' 2 	/ 	1 	

(6.83) 
(r

(20 
I rli+-+- 

\ 	/ 	\ 2 2 

For some value L of the angular momentum quantum number, 77 will reach 
7r/2 where the Born approximation is unreliable. At smaller values of 1, e 21 1 
oscillates with increasing rapidity. The approximation sometimes called the 
random phase approxmation is now introduced that both the real and 
imaginary parts of e 2'i are effectively zero for l<L. The partial wave 
summation for the forward scattered amplitude is now 

L 

J(0) = L. >i(21 + 1)- 	(21 +. 1) {cos 2fl + i sin 27 - 1 } (6.84) 
2k 
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and so 

[I=

L

- E (2l+1)+ 0totaI 	
(21+1)2???(6.85) 

	

Imf(0) k 2 0 	 l=L 

where in Equation 6.87 the approximation 

cos2, 1 —2, ??,t 1r/2  

has been introduced. Then, with the knowledge that for molecular scattering 

L > 1, we obtain 

27rL 2 	87r. 
f 1t 0total 	 dl 	 (6.86) 

	

+ 	
L 

Substituting Equation 6.83 into Equation 6.86 gives the Massey-Mohr formula 

(H. S. W. Massey and C. Mohr, 1933) 

(2+ ir2 )(AC--,, ) 
2/4 —1), 	

(6.87) 

where 
1 	['(s—l) (6.88) s - ([(s/2))2 

The accumulated effect of the approximations, including the ambiguity in 

the choice of flL is to make the Massey-Mohr formula reliable only to ±30 
per cent. It is perhaps worth noting that the problem of assigning a value to 

flL can be overcome by evaluating the integral form of Equation 6.69 
analytically, 

81r 1sin2 m dl 	 (6.89) 
CtOtk2 o 

with m given by Equation 6.8.3 over the whole range of 1. The result, due to 

Landau and Ufshitz (LL), is 

r Is  

s 	 J 	2/(31) ] 	( C 
aj 2i 	

_3] 
11

ts  _ 3
—) ' sin —j 	
- 1 	

() (6.90) 
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and is generally preferred to Equation 6.87. It is to be noted that Equations 
6.90 and 6.87 predict a monotomc energy dependence of the total cross-
section, 010(E) cxEi/(S—i) 

-If a bipolar potential of the form 

V(R)=_CsR_ s +cR_ r 	 (6.91) 

- is used, the Born phase shift- is the sum of the contributions from the two 
parts of the potential, and the scattered amplitude is the sum of long and 
short range contributions. However, if these phase shifts were used to 
evaluate the total cross-section in Equation 6.89, we will see in Section 6.10 
that important interference effects are neglected and the MM approximation 
gives only the average behaviour of at0 (E) 

Small angle scattering is also dominated by collisions of large impact 
parameter and there should be a small angle approximation to a(3) analogous 
to the MM and LL formulae for the total cross-section. This hope is only 

-. realised after some drastic approximations as we will now see. 

	

- - 	- The contribution from partial waves inside the random phase region 
(1 <L) to the scattered amplitude is 	- 	- - 

L 

f<(x) = (2ik) 	(21+1)P,(cos). 

	

- 	
- 	: 	 1=0 

- 	 , 

	

- 	 (ik)' j ---- J (1 +½)J [(1 + ½)x] dl 

	

- - 	 sin/ 	o 

- 	- 	 '/2 L 	- 
-(----' - Jj(L) 	 (6.92) 

\5'fl-XJ 	k 	- 	 - 	- 

where the approximation, Useful over the whole range of 1x 

	

\Y2 	 - 
- - -. 	- - Pz() 	(--- 

S1flX/ J
0  [(1 + %)xl 	- - 	(6.93) 

\  

has been used. The contribution to fl)' from partial Waves with 1> L is 
found using the Born approximation to be 	 - 

f>(x) (ik) $ (21 + I) n P,(cos x) dl 	(6.94) 
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Taking 77 = ir/2 to mark the onset of random phase (which gives close agree-
ment with the LL result for the total cross-section) and writing 

B 1r ( I 
 — 

S+I 
77, 	2 L) 	

I > L 	 (6.95) 

gives 

	

__ I 	fs-3\L2X2 
(6.96) 

Expandingi 1 (Lx) in Equation 6.92 and combiningf >  andf< gives 

(6.97) 

L 4  

	

(21r+s-312 1(Lx) 23)(455) 	1
+... (6 .98) o(x) 4k2  	s - 3 J l 	4(s - 5)(27r + s -. 3) 	j 

From Equation 6.96, as s -°° the contribution from 1>.L goes to zero and 

the cross-section can then be assigned the hard sphere (HS) value; for x = 0, 

	

UHS(0)—L14k 	 (6.99) 

Thus, the small angle differential cross-section is 

(2ir+s-3' 2  F 	 ½ 2 s-3)4ir+s--5) 
-1—• a(x) OHS(0) 	

s - 3 1 V kc7HSO) 	2(s - 5)27r+.c - 3) 

(6.100) 

Writing the coefficient of x2  in Equation 6.100 as C, the foregoing result is 

sometimes summarised by saying that the differential cross-section falls off as 
exp(—C 2 ), but this is only accurate to 0() 2 . 

From Equation 6.100, a plot of x 2 a(x) vs. x will reach a maximum at 

x = 1/' Such a plot is illustrated in Fig. 6.1. However, this route to L and 

hence to C3  is not particularly useful because, for thermal scattering, L is 

greater than 100 and the extremum in the x 2  u(x) plot occurs at very small 
angles where the precision in angular measurement is poor. Other authors 
(E. A. Mason et al., 1964; R. J. Munn et al., 1964) have produced alternative 

formulae to Equation 6.100. 
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The full form of f<(x), Equation 6.93 and of f>(x) (when evaluated 
more accurately) exhibit.very pronounced oscifiations from the presence of the 
term J1  (Lx). However, when f(x) is evaluated by exact summation without 
breaking the partial wave summation these oscillations are much less in 
evidence (see Fig. 6.1). The exponential form at very small angles is found to 
jOin onto the classical envelope with its x_(s_ 2 )/(83 ) dependence after only 
a few ocfflations, of which the first two might be detectable for heavy atoms 
at thermal speeds. The oscillations in f< ,> (x) and the residual structure in the 
exactly computed f(x) are really a diffraction effect resultingfrom the 
rapidly changing gradient of the potential and are discussed more fully in 

\77(61-11  dt 

340 

o 2L 
"-I 

I 	 x 
Fig. 6.1 The computed differential cross-section resulting 
from a monotonic phase shift function (inset), for which 
the maximum angle of deflection is 4 radians and only 
one classical branch is present. The very pronounced first 
maximum is a property of the functioti X 7R exp(—CX 2 ) 

and effectively classical scattering sets in soon afterwards. 
In this particular model calculation roughly 900 partial 
waves were used. 
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Section 6.13. Pronounced undulations are indeed observed in a(x) but they 

arise from a different cause and occur outside the very small angle region; 

they are discussed in Section 6.10. 

6.7 Semi-classical phase shifts 

if we wish to extend our calculations of a(x) to larger angles of scattering via 

the partial wave summation, a means must be found of evaluating phase shifts 
that are greater than 7r/2. The radial Schrodinger equation 6.40 must be 
solved subject to the boundary condition of Equation 6.54 

G,() 	-'sin(j—hr/2+Th) 	 (6.101) 

There are two methods of solution in use, the exact numerical integration of 
the wave equation and the semi-classical solution, which leads to a simple 
quadrature for the phase shift. 

The use of semi-classical methods is suggested by the fact that for 
molecular collisions at thermal energies and higher, the wavelength of relative 

motion (<5 x 10 -10  cm) is comfortably less than the range of the potential 
(>lO_8  cm). The Wentzel-Kramers-BrillOuifl (WKB) continuum solutions are 
introduced through the classical action integral S(p); 

S(p)J p (p)dp 	 (6.102) 
Pc 

where 

(p) = 11 _flp) - ( 1 + ½)/p2 = v(p)/v(oo) 	(6.103) 

and Pc is the classical turning point such that (Pc) = 0. 
Taking as a trial wave function 

G(p)e" 	
(6.104) 

The conditions under which Equation 6.104 is a solution of Equation 6.40 
are well known (L. D. Landau and E. M. Lifshitz, 1958) and may be 

summarized as: 

1 	and 	(p) ,1 	 (6.105) 
ap 
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over the range of p leading to the major contribution to the action integral. 
The region close to the classical turning point is excluded from this test. For a 
bipolar potential 'range a and well depth e, these two tests are roughly 
equivalent to 

A 

- 	 -- 	
1 	and 	; 	1 	 (6.106) 

The latter condition is related to the existence of bound states within the 
potential well and is the subjeèt of Section 6.11. 

The next step is to firid the linear combination of incoming and outgoing 
spherical waves G that joins smoothly onto an exponential decaying function 
at the classicalturning point. We may replace this by a simpler requirement 

' 	that the wave function vanishes at the turning point, which is satisfied by 

'G,){e 	—e) 	 (6.107) 

In order to compare with the asymptotic form of Equation 6.101, the action 
integral is written as 

- 	 P(l+½)2 ½ 	P 	(l+½) 2  ½ 
S(p) = p. + 17r/2 

+ [J { 1 - V(p) - 	} dp - $ 	{ 1 - 	2 2 
Pc 	 P 	 p 

' 	 (6.108) 

The second term in Equation 6.108 converges to a finite limit asp -+00  and in 
writing down the whole expression we have used 

f
p 	, 

1+ ½ dp 
	-' 	

2 ) 
= p+lir/2 	 (6.109) 

p 

So 

mj 	{l)(l+½)}dJ 	ti _( ½)2)'h 	
(6.110) 

Pa 	 ' 	p 	 p 
2 	

' 	- 

which is' the iemi-classical expression for the, phase , shift, derived from 
plausibility arguments in Chapter 2.The expression 6.110canbe evaluated 
for any strength of potential and an approximation to the complete phase 
shift function built up. This absence of any warning signals might lead us to 
use Equation 6.110 as an' approximation for all circumstances, but there is a 
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major deficiency to the semi-classical phase shifts in the presence of orbiting, 
or when there are three classical turning points. These cases are illustrated in 
Figs. 6.2 and 6.10. Four types of behaviour are found at energies less than the 
critical value for orbiting. In .the large impact parameter region (III) of Fig. 
6.10, the effective potential is monotonic, there is only one classical turning 
point and the quantum and WKB phase shifts agree to, typically, better than 
1 per cent. In region II there are th.ree classical turning points and, although 

the inner region between R 3  and R 2  is classically inaccessible in a bimolecular 

collision, its presence has the effect, to a first approximation, of adding ir c, to 

Fig. 6.2(i) A resonant case. The effective potential well, 
Veff, has a bound state of energy E in resonance with the 
incident kinetic energy. The resulting wave function 41 has 
a large amplitude inside the well (region III), leaks 
through the potential barrier (II) to become the wave 
function of relative motion of two free particles in region 
I. The classical turning points are at R i,  R2 and R 3 . 

Fig. 6.2(u) The orbiting case. At the outermost classical 
turning point R 0 , the effective radial force is zero and the 
classical particle cannot pass This point. The quantum wave 
function q,, however, shows that there is a finite possibility 
of finding the particle inside R0. 
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the JWKB phase shift each time a resonance is passed through. This result can 
be found from a more complete WKB solution of the problem in which the 
oscillatory solution between R 2  and R 3  is joined smoothly onto the 
exponentially decaying solutions for R <R 3 ,-R 2  <R 'CR 1  and thence onto 
the oscillatory solution for R > R 1 . As the impact parameter passes through 
the critical value for orbiting the crude semi-classical phase shifts (from 
Equation 6.110) jump by several radians due to the sudden change in the 
turning point from R 1  to R 3 - The quantum or exact semi-classical value will 
change rapidly in this region but, as in passing through the resonances, there 
will be no discontinuity in the gradient (with 1 regarded as a continuous 
variable). For impact parameters less than the orbiting value the crude and 
exact JWKB phase shifts again nearly coincide. 

For any particular bipolar potential, orbiting will only occur at reduced 
energies E/e below a• certain critical value. At energies somewhat above this 
value e.g. E/e > 0.8 for the Lennard-Jones potential, we may be reasonably 
confident that the semi-classical phase shifts for all partialwaves are reliable, 
provided that there are no near discontinuities in the potential. 

The numerical evaluation of the integrals of Equation 6.110 presents no 
problems. If the turning point is located sufficiently accurately, any stepwise 
integration routine may be used. Gauss-Mehler quadrature has been suggested 
(F. J. Smith and R. J. Munn,1964) as a quicker method, though convergence 
at low values of the reduced energy must be carefully tested. 

A useful approximation for small phase shifts can be obtained by 
substituting the JWKB radial wave function for zero intermolecular potential 
into the quantum Born expression 6.83 where it replaces /,(p) when both 
incoming and outgoing waves are combined. Thus, 

/1(p) -  j -  (e° 	- e iS0(p) 
}, 	

(6.111) 

and so 

'K(p)dp 	
(6.112) 

Pc (1 —(l+½) 2 /p 2 )2  

where terms containing the phase factor cos S(p) that results from squaring 
Equation 6.111 have been averaged to zero. The numerical results from this 
approximation differ slightly from those of the quantum Born approximation 
(they become identical in the limit 1 - °°) but, inasmuch as the Born 
contribution to the scattered amplitude is small, Equation 6.112 is an 
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adequate approximation. Integrating Equation 6.112 by parts results in the 

'classical' small phase shift approximation Section 2.2. 

6.8 Numerical methods 

In the following sections various approximate methods of summing the 
partial wave expansion will be presented and these yield useful formulae for 
extracting crude potential parameters from the observed structure in a(x). 
However, when confronted with high resolution plots of a(x) over a range of 

angles and energy, the fmal fitting must be done by a forward calculation 
from an assumcd potential containing several adjustable parameters. The core 

of this calculation is that of phase shifts. 
The methods available are:- 

Numerical solution of the Schrodinger Equation. 
Evaluation of the semi-classical phase shifts. (F. J. Smith and R. J. Munn, 

1964). 
Evaluation of the Born phase shifts, or the contribution of these tof(x) 

directly via Equations 6.9.5 or 6.97. 

The strategy adopted depends upàn the particular circumstances and the 
ingenuity of the programmer, guided by the general consideration that 
quantum phase shifts Will be necessasy when there are two. or three classical 
turning points and that Born phase shifts only become reliable at values of 

171  <0.1 C The use of semi-classical phases thrpughout the whole range of 1 

will probably not lead to gross error in o(x) except at very low values of E/e 

and the dominant interference patterns present will be reproduced. 
Even without resorting to quantum phase shifts, the time taken to 

calculate a differential cross-section over a fine enough angular mesh to 
capture all the structure in the angular range of a typical experiment may well 
take 5-30 minutes of computer time (IBM 360/50) and the additional 
calculations required to incorporate any averaging due to apparatus resolution 
effects will increase this time by a factor of two to five. 

If the quantal behaviour is highly developed and the perturbation of the 
incident wave is large, neither the semi-classical nor the Born approximation 
will be useful and the wave equation must be evaluated numerically for each 
partial wave as required. In an elastic scattering problem where strong 
quasi-chemical forces are involved up. to 50 phase shifts may lie in the 
quantal regions and a fast numerical technique is therefore essential. 

All such methods depends upon replacing the differential in Equation 6.40 
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-by the finite difference formula (using the notation G. G(p,) 

	

• 2 hO {G 	2G,_ 1  +Gf_2}h2 	 (6.113) 

and the wave equation itself is more concisely written as 

(6.114) 

In Equation 6.113  the G1  are discrete values of the wave function tabulated at 
equal intervals, h, of p. The subsequent stage in the calculation then depends 
upon the nature of the boundary conditions. In the case of bounded motion, 

- - 	 - negative total ener'; the asymptotic value is known. at both ends of the 
- 	range of the function. The finite difference form of Equation-6.1 14 can then 

- 	be cast into matrx form describing the conditions which must be fulfilled at 
each interval and' the solution 'is by normal matrix methods. In the scattering 
case, however, the situation is very different. The motion is unbounded and 
though the asymptotic 'form of G is known boundary conditions can only 
be placed on G(p) at p = 0. The solution to this type of initial value problem 
must be obtained by a stepwise integration procedure, until the asymptotic 
behaviour (Equation 6.101) of the function is achieved. 

Since the precision of each step depend upon that of all previous ones 
accurate finite, difference formulae are required. A wide range of such 
formulae have been suggested and a suitable one is the Numerov, 

h2  
- 	 2G,_ 1  — G2+— [G1_2D1_2+lOG1 _ 1 D1 _ 1 ] - 	

G1= 	
• .12 	

- h 2  - 	
. 	(6.115) 

Di  

In the scattering problem G(p) is an oscillating function and the integration 
must be carried over a considerable range before asymptotic behaviour is 

, established and the phase shift can be established. Errors can arise from two 
- .- - 	sources, firstly from the inevitable truncation errors associated with the finite 

- . 	 - word length in the computer and secondly from the approxation inherent 
• 	in the finite difference formula. In-some cases the second difficulty can lead 

to the build-up of an exponentially increasing solution. There is thus an 
optimum 'step length for these calculations; if h is too large the finite 

• 	 difference approximation is poor;' while if h is too small the build-up in 
- ' 	- truncation errors can be disastrous. 
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Fortunately there is often a considerable intermediate range of h where 

solutions can be obtained without difficulty. In some cases, however, these 
problems of instability may be severe and special methods are then required 
(L. Fox, 1962). The obvious solution to these problems, that of using great 
precision in the numerical calculation, is only of limited value since this 
ultimately results in a much longer computing time and the calculation 
becomes impracticable. For atomic or molecular systems these instabilities 
are not severe except possibly in those cases where integration through a wide 
potential barrier is involved or if the initial values for starting are not well 
chosen. 
• Outside the classical turning point of the motion the wave function is 

oscillatory. Inside these points, in the classically forbidden region, the wave 
function decays exponentially. Since we are not interested in the fmal 
amplitude of the wave, but only its relative phase, it is sufficient to choose 
the two starting values inside the classically forbidden region at a point where 
the wave function is small, the two points being related exponentially as: 

G1 =exp(—D 1/(p—p f) 	 (6.116) 

where Pc  is the classical turning point. The stepwise numerical integration 
can then be carried out with arbitrary amplitude from this point. The phase 
shift could be calculated by continuing the outward integration until the 
wave funcion becomes sinusoidal, the phase then being obtained by 
comparison with the zero potential asymptotic form: 

G, 	sin (p - Iir/2). 

It is more expeditious, however, to use the exact free particle wave function: 

F1(p) =/i(P) + n(p) 	 (6.117) 

and to compare the two solutions before the fully asymptotic form is 
established. Thus, if R is one of the zeros of the calculated wave function 

G(p), 

(77,=
/1(pn)

\
tan' 

 Thi(Pn)) 	
(6.118) 

and estimates of 171  can be made for successive values of n until convergence is 

obtained. 
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Instead of finding a polynomial approximation to the wave function ovei 
siccessive intervals (which is the basis of the Numerov method), we can make 
a polynomial approximation to the potential over appropriate intervals such 
that the simplified wave equation can bç solved in terms of known functions. 
This approach is attractive in that the potential is a smoothly vaiyin 
function of the interparticle separation whereas thç wave funcon'is highly 
qcillory. The details will be fnd in R. G. Gordon 1969. 

69 Semi-classical scattering 

We have seen how the phase shift function m can be constructed either from 
the WKB or exact solutions of the radial wave equation. The effect of actual 
or pear 4isc9ntinuities in the phase shift function on a(x) can be investigated 
by the method of ran4om phase and the .  contribution to a(x)  and 0tot  from 
partial waves of small phase shift has also been discussed. However, most 
phase shift functions are smooth functions of'! and, for thermal scattering, 
are greater than r/2 over most of their range so that e2ini is oscillatory. To 
handle this situation we introduce the very important tec)mique of stationary 
phase for approximating the partial wave  summation. K. W. Ford and J. A. 
Wheelçr, 1954.) 

The, partial wave, summation for f(x) is first replaced by an i'itegration 
(permissible when m. varies little from one 1 value to the next), and the 
integral split into two parts; 

2ik {s: (2l+1)e21(1)Pl(cosx)dl_J'(21+i)p,(cosx)dl} 

(6.119) 

The second integral is a delta function, ö(X), and so vanishes for x 0. Next, 
an approximation for the Legendre polynomials in the first integral of 
Equation. 6019 is introduced that displays their asymptotic behaviour in the 
region lx > 1: 

P,(cos.) 
[- 

(1 + 4)ir sin x] 	sin l (1~ ½) 
+ 	

+ 0(1) (6.120) 

Inserting this into Equation 6.119 gives. 

1(x)
- k(2 7r sin x)'2 	+ ½) (eio+(0 - e (1 )) dl, 	(6.121).   
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where 

= 2t(/) ± (1 + ½)x ± ir/4. 	 (6.122) 

The contribution of a range of I values width-A l around some value 1 i  to f(x) 

can be examined by expanding i(l) in a Taylor series about 1, so that the 

phase q becomes: 

(T)= 2i(1) +2 
(71  ) 

	

(1- 1,) + 	1)2  ±Q + '14)x ±ir/4. 

(6.123) 

We now introduce the important result for semi-classical phase shifts 

derived in Chapter 2: 

2d77/dl= X, 	 (6.124), 

and neglect higher terms than the quadratic as in Equation 6.123 to find'that 
there is a region of stationary phase in 0(1) centered about, 1 where l, 

satisfies 

2(d17fdl)i=j = ± XObS 

The width Al of the stationary phase region in which 0± changes by less than 

1T is seen from 

2(l) - 2(1k ± ½)zi'(l) + ii"(l)(l - l)2 ± ir/4, 	(6.126) 

to be proportional 'to ri"(l,,), but need not be specified if we use the 

following standard integral to evaluate Equation 6.121 when Equation 6.126 
is substituted; 

e .X 2  dx 
= ()½ 

e' 4 , 	 (6.127) 

so that 

f(x)kt( 	

'x. 
21fl"(lx)Isinx) ei±(X) 

	(6.12'8) 

where 
fl"(lx) 

a±(x) = 2n(l) - 2(' ± Yz)rl'(lx) + 
I . n"(l) 14'• 	

(6.129) 
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in which the term '('li n" I takes care of a change in sign of a(= if') in 
Equation 6.127. In arriving at Equation 6.128, the factor (1+ ½) in the inte-
grand has been taken out and replaced by 1,. The leading semi-classical 
approximation to a() is then: 

- 	= f(X) 2 = 1x/[20I 	L sin 
 ], 	

(6.130) 

and is identical with Equation 2.10. Upon substituting the large 1 result for 
the phase shifts resulting from a potential V —CR, namely 

• 	(6.131) 

where 	 - 

fs 
V2 

 r I [s — A ( S 

(2 	 2)' 

(a simplified version of Equation 6.83), the following expression is obtained 
for the small angle semi-classical differential cross-section: 

1 	 fC2Is 
1] -;-)• X 221 . 	 (6.132) 

This result merges with the quantum exp(—Cx 2 ) form at very small angles 
with some diffraction structure in between, as illustrated in Fig. 1. Thus, to 
calculate the differential cross-section at some angle x it must first be found 
whether the corresponding phase shift i(l) is appreciably greater or less than 
1 radian. In the former case a region of stationary phase will be well 
developed in the partial wave summatiànand Equation 6.130 maybe used 
(subject to the reservations in Section 6.10). If the phase shift is < 1 C,  the 
parabolic approximation to (l) gives increasingly too large a width 41 to the 
region of stationary phase, and a(x) is bestevaluated by direct summation of 
the partial wave expansion. 

For an RS potential, theangle at which the classical result merges into the 
- - -  quantum form (roughly the position of the first maximum in the function 

X2+% 0(x)) can be calculated from Equation 6.131 together with the 
condition that the critical phase shift is i" '-' 1 radian, with the result 

E 	1/(s-i) 
X*2(S_ o(fc) 	 (6.133) 
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Typically, at thermal energies x' - 1.50 in agreement with deductions from 

the uncertainty principle (Section 6.1). 

6.10 Interfering branches of the deflection function 

There is one important respect in which Equation 6.130 may be in error and 
this arises from the possible presence of more than one region of stationary 
phase in 4.  The condition for stationary phase is that 1 satisfies Equation 
6.125, and this may well be fulfilled by more than one value of 1. In 

particular, for values of x less than the rainbow value, there will always be 
three solutions of Equation 6.125, two corresponding to stationary phase in 

., and one in , as can be seen from an inspection of Fig. 6.3. It must be 
remembered that the angle x that appears in the partial wave summation is 
the true polar angle of observation (in the CM system) and so must be 
positive. .The deflection function x(l), however, can be positive or negative 
but these alternatives or branches cannot be separated experimentally and so 
both must be included in computing the scattered amplitude at a given angle 
of observation. If the energy is such that the rainbow angle is greater than 21r, 
the situation is even more complicated because trajectories that suffer a 

deflection of x + 2n7r are experimentally indistinguishable from those deflec-
ted through x, and so each contributes a region of stationary phase and is a 
separate branch of the deflection function. Since the maximum deflection in 
the orbiting case is 00  there can be an infinite number of such branches (Fig. 
6.4). In order to obtain the correct phase to I 27T I  between all these 

branches, a new phase 0 is defined that replaces a in Equation 6.129: 

	

77 77 
(3 = 2n(4< ) - 2(4<  + ½)rj'(l) 	- 	- R;-i_) 	

IT 

1=1k 
T 	(6.134) 

where the term v'/I ii I irf4 provides the relative phase change of 7r/2 in 
passing from the positive to the negative branch of the deflection function, i.e. 
from to _. Let the three regions of stationary phase be centered on 1 1 , 1 
and 13 . Each such region gives a contribution to f(x) of the form of Equation 
6:128 and their sum is the resultant amplitude. The semi-classical differential 

cross-section then becomes 

U(x) I 	f(x)l2 	 (6.135) 
n 

If(x)I 2 	Ifn (X)I Ifm (X)k° 5 (0n(3m)' 
n 	 nm 

	

nm 	 (6.136) 



x( 

Fig. 6.3 The method of stationary phase applied to 
two- interfering branches of the deflection function 
X(l) at 11 and 12. The osculating parabolas are shown 
as dashed curves and the ranges of I values that lead 
to coherent scattering, L1 1  and I12, are determined 
by the range over which the parabolic approxima-
tion departs - by less than ir from the linear 
approximation, which is also the phase of the 
function P1 (cos x). - 
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Ix+ 

Ix+ 

Fig. 6.4 A deflection function exhibiting 
orbiting. Each of the indicated 1 values is the 
centre of a iegion of stationary phase (for the 
iven valUe of x), of which there are an 

infinite number. 

where the second term in Equation 6.136 represents an oscifiatory contribu- 
tion (see Equation 6.138) in the presence of the dominant first term. In fact, 
we can introduce the classical value of a(X) for the non-oscifiatory part to get 

c ) (x)= If(x)I 2 , 	
(6.137) 

and so 

"sc(X) = Eakx) + interference terms 
all branciies 	between all branches 

For heavy particle scattering, the second term in Equation 6.134 is 

dominant and so, remembering that 77 '(1 ) changes sign iii passing from 0, 

tOL;  

On - Im (1 T 'm)X, 	 (6.138) 

the upper sign referring to the case in which both branches come from 
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and the lower sign to one branch from 0+ and the other from . Defining 
the periodicity A of the undulations as 

cos (f - am) = cos 21r>/i 	 (6.139) 

one obtains 

21T/Iln lm  I 

There is a simple picture of the choice of sign in Equations 6.138 and 6.139; 
from Fig. 6.5 it is seen that the effective grating spacing for trajectories 
originating on opposite sides of the scattering centre is b n + b m , whereas for 
those originating on the same side and experiencing the same deflection the 
grating spacing is b - b m . 

if only two branches contribute, the amplitude of 0(x) oscillates between 

Omax={Ifl(X)I+1f2(X)I} 2  
and 	 (6.140) 

0mm 	{If1(x)IHf2(x)I)2 

Grating plane 

LJeItLIul jiiuire 

Fig. 6.5 Three trajectories with different impact 
parameters are shown that emerge at the same angle 
of scattering. In the simplest approximation they 
may be regarded as scattered from centres at b i  and 
b 2  above the origin 0 and b 3  below. The effective 
grating spacings are then b 1  - b 2 , b 2  + b 3  and 
b 1  + b 3 . Zero potential wave trains scattered from 
these points on a hypothetical grating are shown. 
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In the course of fitting experimental results, the elastic scattering pattern 
that would be seen under low or intermediate angular resolution is often 
required. If the complete partial wave summation is evaluated and the 
resultmg differential cross-section averaged over the apparatus angular 
resolution, the high frequency from the interference of branch 3 with 
branches 1 and 2 is wiped out. This is a rather clumsy procedure and the 
following expedient is sometimes adopted to remove the high frequency 
contribution from the partial wave sum from the outset. In Equation 6.121, 
the term 0, contributes the interference terms having dmfd/ = — x12 and 0_ 

those regions of stationary phase around d71/d/ = x12, i.e. the high frequency 
ones. Thus, evaluating 

a(x) = (2irk2  sin x) -1 	(1 + ½)'2 e'' dl 
2 	

(6.141) 

will give the appearance of 0(x) under intermediate angular resolution. 

6.11 Glory undulations in a(x) and 0tot 

As a first example of the application of the idea of interfering branches, we 
consider the structure in the differential cross-section at small angles and the 
related energy dependence of the total cross-section. Referring to Fig. 6.6, 
strong interference between branches 2 and 3 will arise near x = 0 because of 
their almost equal amplitude. This structure will be superimposed on the 
much stronger scattering from the branch at 11. Since the two inner branches 
lead to deflections of opposite sense, the periodicity of their interference 
pattern is given, from Equation 6.139, by 

23 	27r/(12 +13)ir/1o, 	 (6.142) 

and the latter appioximation is appropriate to the high frequency structure 
near x = 0 (see Fig. 6.8). 

Of particular experimental interest is the contribution of the forward glory 
(i.e. the inner zero deflection branch of x(l))  to the total cross-section. To 
tackle this we apply the optical theorem to the semi.quantal forward 
scattered amplitude f(0): 

f(0) 	---$ (21+ l)[e2mfl(1) - 1] dl. 	 (6.143) 
2ik 
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- 	
- 

—x o  

Xr 

Fig. 6.6 A typical deflection function exhibiting the rainbow 
- 	phenomenon at X = Xr• Interference effects will be observed 
- 	near an angle of observation Xobs between the branches at 11, 

.12, and 13 . The osculating parabola at the rainbow angle is 
shown as a dashed curve. 

There are two regions of stationary phase which we subscript (1) and (2,3 
the latter two branches having merged at x  =0 where they are exactly ii 
phase. We require the imaginary part of f (0) and so from 

f1(0)k $ (21+ 1)(nB (O+inB (02 )dl 

we use 

fi(0)e'2ka0/4ir 	 . 	(6.14 

where the Born phase shifts nB are adequate and ar. t  is the contribution c 
the large impact parameter region to the total cross-section. The contributio: 
of the inner branches is obtained from a parabolic fit to the phase sKil 
function around l = l: 

17(0 	17(lo)+" (1— 1)2 	 (6.145 

to give a contribution of the form of Equation 6.128 to the scattere 
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rnplitude 

f23(0) 	G?)½ e('o)I4 	 (6.146) 

loting that their relative phase is energy is dependent, the two amplitudes are 

ow combined: 

47t 	 4ir I7 	)V2

at o t 	Im{fj (0) +f2,3(0)} 	loIs"(l) 
sin (2i(lo ) - 31r/4) + atot 

(6.147) 

hus, the forward glory gives an oscillatory contribution to the energy 
ependence of the total cross-section as it passes in and out of phase with the 
ulk of the forward scattered wave front. The condition for an extremum in 
ie velocity dependence of 0tot  is that the wave number k satisfies: 

,(k)= (N_flu 

here the integer N, running to Nmax , can be used to index successive 
jaxima. The amplitude of these undulations is 10 per cent Gt0t and 

Kamples are given in Chapter 7. Nmax , is of interest in itself in that it is the 
umber of bound states that can be contained in the potential well formed by 
'(R). The proof of this involves Levinson's theorem, an account of which can 
e found in M. Weilner, 1964. From a practical point of view, however, it is 
ifficult to extend total cross-section measurements to a low enough energy 
)r Nmax  to be measured and the counting is further complicated by the 
ppearance of resonance spikes at low energies in the structure of ato t 

Appendix B). 

The spacing of the structure in the spectrum of Gt0t is, of course, a 

anction of the intermolecular.  potential. The turning point of trajectories 
iat lead to zero deflection lies close to R m  over a range of-values of E*  and 

ius the phenomenon of glory interference probes further into the repulsive 
art of the potential than the rainbow effect (see Section 6.11). This can be 
en in a more quantitative fashion from the limiting high energy expression 

)r 770 . If the Born approximation is applied to both the attractive and 
pulsive parts of a bipolar potential the high energy expression for the 
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overall phase shift is obtained. For the Lennard-Jones potential the result is 

- 	 2407r 231 

	

OOo) 	
(1 60

-) €ci/hv, 	 (6.148)
847  

and so the location of maxima is given by values of v that satisfy ,  

	

N— - O3Ol2ea/hvN 	 (6149 

Although these expressions only apply for E*>> 1 they do illustrate th 
-much greater sensitivity of the phenomenon to a than, say, the magnitude o 

the envelope or low resolution value of the total cross-section A fulle 
analysis of the problem by Bernstein can be found in J. Ross, 1966. 

• 	 - 6.12 Rainbow scattering 

As the angle of observation approaches the rainbow angle branches (1) anc 
(2) merge (see Fig. 6.6) and can no longer be considered as separate regions ol 

•  stationary phase. In order to extend the region of stationary phase over boti 
branches, the deflection function near the rainbow is approximated by, ai 
Oscillating parabola such that at x = Xr its curvature and that of x(i)  an 

- 	matched, 	 - 	- 

- • 	

• 	x()= ,+ 	
( dl2)

(l 	)2 (6.150; 
2  

• 	 or equivalently 	 • 

• 	(l) = (l,) + 	(1— l) + 	
() 	

(l - lr) 	(6.151; 

From Equation 2.10 the classical differential cross-section is readily found tc 
• 	•-- 	• 	be 	• 	• 

2(—) 	 (6.152 
• 	 ksm 	cI/2 

11r 

as derived in Chapter 2 However, upon going to the semi-classical formula for 
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ie scattered amplitude, 

(x) 

 (

Ir 
 + 4 ½ ei( 2 1rX) 

2 sin k J_00 
exp[i(x. x)(l 

i (d'xl
+ -- (/_)

3] 
d(l— li), (6.153) 

rhere only _ has been included, an inessential phase factor has been 
mitted and the factor I + 34 again taken outside the integration in order to 
ast the integral into a standard form, the Airy integral, 

Ai(x)=— 	exP[ixu+ - iu]du. 	(6.154) 

The Airy function is purely real and so the phase of f(X) near the rainbow 

gion is, from Equation 6.153, 2t +IrX. The lower limit of integration in 
quation 6.154 is extended to -0  in a completely unphysical fashion, but 
us has little effect on the value of the integral, to which the major 
ontribution comes from I u I <ir. Finally, then, 

27r I x"(I)I2 I _2/3Ai(X)2 	 (6.155) 

ihere 

x= I x"(1,.)/2I" (X, - x) 

The Airy function is purely real and so the phase of f(x) near the rainbow 
apid than exponential decay. on the dark side (x>  y.,) and an oscillatory 

ehaviour on the bright side: Useful approximations are 

-' (1) Aix2 it-½ x -V e{ — e/3)x
3 
 2) x-+°° 	 (6.156) 

(ii)Ai(x)'IxF"cos{ 2/3IxI — ir/4} x -+—oo, 

	

ubstituting Equation 6.156u into Equation6.155, replacing the cos 2  factor 	 - 

y ½, yields twice the classicalyalue for a(x) given by Equation 6.152. This is 

ecause the semi-classical result (for x < Xr) includes both branches of the 
eflection function on either side of the rainbow. The classical rainbow (at 



-8 	 -6 	-4 	-2 	 0 

Fig. 6.7 The function Ai(x)2. 
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x = 0) coincides with the point of maximum gradient on the dark side of th 
semi-classical differential cross-section, not with the maximum of the Air 
function. The supernumerary structure arises from the interference of parth 
waves scattered from either side of minimum of the deflection function, 1 

and 12 in Fig. 6.6. 
In this discussion of the rainbow phenomenon, the third interfering branc 

coming from positive angles of deflection has so far been neglected. Referrin, 
to Fig. 6.6, this contribution comes from impact parameters centered aroun 
b 3  and we may use the result of Equation 6.139 to deduce that a hi 
frequency structure will be superimposed upon the rainbow oscillations. I 
the rainbow contribution is regarded as a single branch (i.e. with branches (1 
and (2) merged) and written in the form, 

fr(X)= Ifr(x) I eu( 277r rIXI 3 I4I 	 (6.15 

then combining with the third branch 

f3(x)k'( 	
13 	1/2

) e
1( 2 ?h — 1 3x). 	 (6.158 

\2 713 1 5'flXi 
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;ives a scattered amplitude 

I .ttx) 12 = I fr 12 + I f 1 2  + 2 I fir I 1f3 I cos [(ii + 13)X + &] 	(6.159) 

,hich oscillates with approximately the frequency A = 211/(1 + 1r). This type 

f structure is illustrated in Fig. 6.8. As x approaches zero, the two rainbow 
ranches separate and the inner one merges with- the glory branch. 

>< 
b 
> 
C 

- U, 
K, 

IN 

Fig. 6.8 A typical high resolution differential cross-seótion plot 
exhibiting the rainbow effect. Both high and low frequency 
interference effects are evident. The form of the phase shift 
function is inset. The classical rainbow angle is at 100. 

The above simple treatment of the rainbow and its supernumerary structure 
not valid far from y,. For this, a uniform approximation to the integral of 

quation 6.121, i.e. one valid with specified precision over the whole angular 

Inge in which P1(cos x) is oscillating, has been given by M. V. Berry (1966) 

ut is inevitably less convenient than Equation 6.153. - 
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6.13 Hard sphere scattering and Fraunhofer diffraction 

The phase shifts for the scattering of impenetrable spheres radii a 1  and a2  ar 
sometimes approximated by (N. F. Mott and H. S. W. Massey, 1965). 

(T)=—kd+lir/2 l<kd 

- 	 = O(kalol -  1> kd 
	 (6.160 

where the distance of closest approach d a1  + a2  .The semi-classical value 
for l> lcd are zero, but the quantum value is of the order shown and arisc 
from the fact that the Bessel function decays as p' inside the classical turning 

• 	 - 	point. 
• 	Neglecting the phase shifts for 1> kd, and replacing the partial wave 

summation, Equation 6.65, by integration over iwe have 	- 

a 0t2d2 , 	 (6.161; 

a result twice the classical value. This effect was first noticed by H. S. W. 
Massey and C. Mohr, 1933, and is essentially the result of constructive 
interference in the forward direction as can be seen by the following analysis 
The scattered amplitude can be broken up into two contributions aftei 

• substituting Equation 6.160 into the partial wave summation with L = kd 

' •' 	• 	• 	f = - 	e 2 Ocd 	(-1 (21 + 1) P,(cos x) 	(6.162; 

fd = 	(21+1)P,(cos) 	• 	 ''(6.163; 

These contribute equally to the tOtal cross-section and the reader can readily 
verify that 	 ' 

- -'••- --•-• 	 •. 	
$ 0 1fc x 2  sin xdx2J Ifa(X)I 2  sinXd=d2 	(6.164 

• 	 (the cross term I f II fd I vanishes through the operation of the (_1)1  factor in 
However, their contribution to the differential cross-section is very 

• 	• 	different as can be seen from the two forward scattered amplitudes f(0) and 
fd(0);- 
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If(0) I = 1—d(—l)" 
2 

Ifd(0) 1= 
I  
—lcd2, 
2 

.e. the contribution fromfd is O(kd) greater than that fromf. Ifd(X)I 2  is, in 
act, a very sharply peaked function near x = 0 and contains the interference 
one of angular width 11lcd described above. fc  is called the classical 
implitude because it gives the whole of the classical contribution outside the 
Iiffraction cone (assuming the exact 7(1)  to be used).. 

Using the approximation of Equation 6.94 for the Legendre polynomials, 
he following approximation for the small angle scattering is derived from fd 
with the aid of Equation 6.163: 

0(x) [d2 /x sin x]f?(kdx); 	 (6.165) 

he first minimum occurs at x 3.81kd and the complete. function is 
[isplayed in Fig. 6.9. The undulations in o(x)  are the result of interference 
etween waves trains scattered from either side of the sphere from (AS) the 
eriodicity is 

iX=ir/kd 	 (6.166) 

ince the hard sphere diameter is effectively half the spacing of the diffraction 
rating. 

Making use of the asymptotic form of J (x) for x > 1 (Appendix A) shows 
arther that with the phase shifts used above: 

X+IT 	 .  
a(x) 	> 0(d1k) 	 (6.16

-
7) 

,hile the correct classical limit is 0(d2 ). In order to obtain the quantum 
quivalent of this result, a more accurate phase shift function must replace 
quation 6.160. Starting from the classical deflection function in Equation 
.63 and using 

	

(t)d1' 	 (6.168) 

'here (0) = —kd+ ir/4 for the hard sphere case, we obtain: 

= 1x12 - lcd sin (x12)+ 	 (6.169) 
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I 	 2 	 3 	 4 

Fig. 6.9 The small angle scattering resulting from a step in the 
phase shift function (inset), of the type represented by (6.160). 
The exponential decay of 0(x) at very small angles is shown, with 
the quadratic decay of the envelope at larger angles. The function 
displayed is essentially J1  (Lx). 

where x(l)  is the classical deflection function. There is a discontinuity in the 

gradient of this phase shift fUnction at I = W. Once again f(0) is split up into 
a diffraction term fd  identical to Equation 6.163 and a potential scattering 
term, 

iv 

	

fc(x)z. (21+ l)e 2 ''Pi(cos) 	(6.170) 

with m given by Equation 6.169 ;  f(x) can be evaluated by the usual semi-
classical method (Section 69) and the classical result 

ir d2 	1 

2 sinx 	
(6.171) 

obtained. However, the diffraction contribution fd(X)  is still present anc 
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makes a small oscillatory contribution at large angles, with the envelope 
determined by Equation 6.171. 

In optics this type of interference is familiar as Fraunhofer diffraction. Its 
molecular manifestation is not limited to the artificial hard sphere potential 
but may arise from any potential yielding a region in which the phase shift 
raries discontinuously with F. Thus, scattering from a deep 'chemical' 
potential well supporting many quasi-bound states will show this effect; in 

Fig. 6.10 the discontinuities produced by these resonances would merge into a 
single large step in region II. This edge in the phase shift function at I = L 
leads to oscillations in the differential cross-section of a frequency from 

Equation 6.139 of jilL.  To a crude approximation o(x) can be estimated by 

assuming random phases for 1< L and zero phase shifts for•! > L, whence 

o(X)=Ifd(X)1 2 	 (6.172) 

with fd(X)  given by Equation 6.163. In practice the phase shifts will not be 

Fig. 6.10 The phase shift function in the pre-
sence of orbiting. The orbiting value of 1 is 16;  for 
1< lo, region I, there is only one classical turning 
point and the quantum (full line) & semi-classical 
(dashed line) phase shifts nearly coincide. In 
region II there are either two (1 = l) or three 
classical turning points and resonances occur in 
the quantum phase shift. In region III the 
effective potential energy curve is monotonic and 
the quantum and semi-classical values coincide. 
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random and interfering branches may exist either side of the 'edge' leading to 
lower frequency oscillations superimposed upon the Fraunhofer pattern 
(L T. Cowley et al. 1969. M. A. D. Fluendy, 1970). 

6.14 Resonances 

- - - 	 Resonances play an important part in electron and nuclear scattering, but 
their role so farinniolëcular scattering has been negligible. One reason for 
this is that a single resonance affects only a few partial waves, whereas the 
width of a semi-classical branch of the scattered amplitude in heavy particle 
scattering typically exceeds 100 partial waves. In contrast, in low energy 
nuclear and electron scattering, the s-wave contribution to the thffeential 
cross-section is usually dominant and a resonance can become of paramount 
importance. Nevertheless, the theory of resonances and especially their effect 

-: on the total cross-section follows identical lines in all cases to yield one of the 
- -:  best known formulae of nuclear scattering, the Breit.Wigner formula 

(appendix B), thus reminding chemists that their interests are but part of a 
larger story. 

The key to the interpretation of resonances is the relationship between the 
lifetime r of a compound state formed as the result of a collision and the 
range of energy z.E over which the total cross-section is perturbed: 

S 	 (6.173) 

The most promising area to search for resonances in molecular scattering is in 
the energy dependence of the total cross-section where the basic structure is 
simple and slowly varying. Two requirements are then that the potential 
should be deep enough to support at least one bound state, and that the 
lifetime of a state (essentially trapped behind the centrifugal barrier) should 
be sufficiently short for the corresponding energy width, AE, to be large, as 
indicated by Equation 6.173. For the lifetime to be short, the centrifugal 
barrier must not be too high or too wide, and the frequency of the classical 
motion inside the barrier must be high. These condition are fulfilled by a pair 
of particles of small reduced mass near orbiting. Stwalley (W. C. Stwalley, 
1969) has thus suggested that the scattering of hydrogen atoms from a variety 
of species should yield relatively pronounced resonances in a 0 (E). In the 
most favourable case, that with the shortest F, we can set an upper limit on 
iE by assuming that the lifetime in the well is equal to the classical 
periodicity and thai the system passes back through -the barrier on the first 
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Lttempt. From Equation 6.173, L.E is then —iO' ergs; this is to be 
ornpared with the typical ener' resolution in a total cross-section 
xperiment at thermal energies, which is also '10 -14  ergs so detection even 

n the most favourable case is still difficult. 

5.15 The scattenng of identical particles 

since Equation 6.7 is the wave function for, the relative motion of two 
,articles, it must have a definite parity with respect to the interchange of the 
wo colliding particles if these are indistinguishable: The correct wave 
runctions for fermions will be anti-symmetric and for bosons symmetric with 
respect to this permutation. For the purposes of elastic scattering, the pair 
wave function is the product of the nuclear spin function and the, overall 
rotational wave function, just as it would be for a I state diatomic molecule,. 
Depending on the nuclear spin, a variety of spin wave functions can be 
onstructed that are either symmetric or anti-symmetric with respect to the 

.nterchange of nuclear labels. This interchange also results in the inter-nucleai 
vector, R being reversed in sign, which is a symmetry operation on the 
rotational wave function. Thus, the inversion of the coordinates of particle 
(1) through the origin results in the change of its polar co-ordinates from (x, 
) to (it - x, i +4)). Under this transformation, the Legendre polynomials 

behave as follows: 

P,(cos x) 	(-1)' P,(cos (it - x)) 

md, from Equation 6.45, 

eiz 

the purely radial functions eulR or j,(kR) are unchanged). The operation of an 
exclusion principle ensures that for bosons nuclear and rotational states of 
Like symmetry are combined and for fermions only those of unlike symmetry 
combine. This situation is familiar in spectroscopy where for half integral spin 
particles the even rotational levels are called para states and the odd levels 
ortho states. 

In the scattering problem we must impose odd or even symmetry on the 
spatial wave function if the nuclei are identical. For a given pair of atoms in a 
definite nuclear spin state (which is not necessarily known but which does 
not change during the collision) only odd or even partial waves can be 
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included in any part of Equation 6.7 The initial plane wave thus becomes 

e ikz 	 eICZ ± e 11  = 2Z 	i'(21+ l)j,(kr)F,(cosX), 	(6.174) 
1 even, odd 

which represents the approach of identical particles from both left and right 
- with equal flux, which is what is occurring physically (Fig. 6.11). The partial 

wave expansion of the scattered amplitude now reads 

• 	
f±(x)=2 -1-- 	(21+ 1 Xe21 ' —  l)P,(cos), 	(6.175) 

- 	 2zk leven, odd 

(where the factor 2 has -  come from the doubling of the intensity of each 
allowed value that results from using Equation 6.174). 

To restore the complete summation over! we introduce P,(cos(ir - x)), 

2 Y, 	(21+ 1)(e 21 ' - l)P,(cosx) 
leven, odd - 

	

= >(21+ 1)(e 2 I— l)(Pi(cosX)±Pi(cos(ir_X)). 	(6.176) 
all! 	 I 

Then, 

f±(x) = Rx) ±Jtir - x), 	 (6.177) 

and so 

0(x) = 1/(x) 12+  l/(ir— x) 12 ± 21f(x)I If(ir — x) I. 	(6.178) 

Finally, we must include the weighting of the ortho (+) and para (-) states 
w and w. to give 

0,(x)=lf(x)I 2 +If(7r_x)I 2 +2(w+ — w_)If(X)lIf(_X)I. (6.179) 

Fig. 6.11 Identical particles approaching 
from left and right in the cm must be 
scattered through (ir - x) and  x respec-
tively to reach the detector D. 
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The partial wave summations for f(x) and f(ii - x) can be evaluated in the 

emi-classica1 fashion as described in Section 6.9 and the molecular symmetry 
af the problem has no effect on this stage of the calculation. However, the 

Dverall differential cross-section a(x) is rendered symmetrical about x = 7r/2 

(CM). Classically, this is because we cannot tell whether a particle reaching 
the detector has come from the main beam or the cross-beam. Besides this 
entirely new symmetry in the scattering pattern, novel interference effects 
have appeared from the cross-term 2f(x)f(ir - x) in Equation 6.178, but for 

this term to be important f(x) and f(ir - x) must have similar amplitudes and 

this will only occur near x = ir/2. 
If the two beams are differently isotopically labelled, we can perform two 

experiments; 

I Detector cannot discriminate between the isotopes, in which case 

u(x)1.t(x)12+Iflir—x)12. 	 (6.180) 

II Detector is mass sensitive, in which case 

G(X) = If(x) 12. 	 (6.181) 

In either case the special interference effects are destroyed. The total cross-
section for the scattering of spinless bosons (I = 0) is readily obtained by 
applying the optical theorem to Equation 6.176 

2ir 	
1)(1 —cos2,)(P,(1)+P,(—l)) 

l)(1 —cos2)+(2l+ 1)(1 _cos2)cosirl} 

21r (Z(21+  1)(1 —cos2)+(21+ 1)(-1)' 

.—E(21+ 1)cos2cosirl} 	(6.182) 

wherethe equivalent forms F1(— 1) cos it! = (- 1)' have been used as needed. 
The first term in 6.182 represents the normal contribution that would be 

obtained for unlike particles without any symmetry requirements. The 
second term has been seen (Section 6.13) to be negligible. The third term can 
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exhibit a region of stationary phase if the deflection function passes through 
±ir, so that 2,—ir=0, 21r at 1=1+ . The region of stationary phase at 
x(l) ir, which occurs at I = 0, is always present; the occurrence of the other 
branch depends upon the attractive ffi part of the potential being suciently 
strong. Making a parabolic fit to the phase shift function near 1 = 0 and 
1 = l_ results in 

- 	 277(l)+l2 77"(l) • - 	
• 	 2'q(l)—lir= 	

- 	" 	 (6.183) 
2ri(L 1 ) + (1 1_ 02 

 i (l_ - ,) 21rl 

The range of integration in the Fresnel integral that is obtained when 
Equation 6.183 is substituted into Equation 6.182 is now 0 - 00 in the first 
•case and —00 -4 o in the second (which is similar in all quantitative respects 
to a forward glory). The scattered amplitude in the forward direction due to 
these inner branches is now given by -. 

IT 
1(0) 	{cos 277(l) +sin 277(l)) 

(2fl'1)) 

½ 

½ 
+ 	(cosnq_ + sin 277(l_ir)} (277"_)) 

	
(6.184) 

2ik

Then, neglecting the possible presence of a forward glory, the total cross-
section is given by: 

iTlir 	 / IT 

7tot = 	+ - sin [21(l) + ir/41 	
,, 	) 2k2 	 77 (lu ) 

½ 

+ 	sin [2ii(l_) + 7r/41 	 (6.185) 

The physical interpretation of this result is that a cross-beam particle 
deflected through ± it into the direction of the main beam, will reach the 
detector in a total cross-section-experiment andcannot be distinguished from 
a particle originating in the main beam. The two wave trains thus interfere, 
and a maximum in the total cross-section occurs every time 77., or passes 
through (ir/4 + 2 irn). 

For very low energy scattering of light particles in which only a few partial 
waves participate, only the S-wave contribution at x = it is important and the 
semi-classical nature of Equation 6.185 would be inappropriate. Such a 
situation arises in the scattering of He 4  from • He 4  (Section 7.4) at 
very low temperatures. In this case the interatomic potential is essentially 



0uantum Mechanics of Scattering 	 221 

purely repulsive and the x = ir branch is absent. For Ne or Ar, also spinless 
bosons, the presence of a minimum in the intermolecular potential means 
that a forward glory must be present and this contributes yet another 
interfering branch which must be included in Equation 6.185. 

- In the treatment of identical particle scattering so far it has been assumed 
that only one intermolecular potential is operating, irrespective of the nuclear 
spin state. This is a valid assumption for atoms in S states. However, when the 
scattering of like particles that possess non-zero electronic spin is considered, 
new phenomena appear which are discussed in Section 6.17. 

6.16 Scattering from mixed electronic states; exchange scattering 

We now discuss the scattering of excited atoms or ions (M*,  M) from the 
corresponding ground state species (M). The need for a separate treatment of 
this problem arises from the fact that the electronic energy levels of the two 
particle system that dissociate to M* + M are of two kinds and hence two 
potential energy functions can govern the relative motion of the pair. These 
electronic states are classifiable with respect to inversion of the electrons in the 
centre of symmetry of the nuclear charges (i.e. the centre of mass in the 
present problem). The scattering of a metastable molecule from a ground 
state partner is a much more complicated situation; the symmetry of the 
problem depends upon the orientation of the two molecules and there is 
considerable coupling between molecular rotation and electronic motion. 

In a crossed-beam experiment (M*/M), a diatomic system is in effect 
prepared in which it is known which of the two atoms is excited initially by 
the position they occupy in the laboratory. We must first describe this 
unusual situation in terms of eigenfunctions having the full symmetry of this 
molecule which are the gerade and ungerade states, lPg  and For slow 
collisions we will need only the lowest members of these two classes (the 
others lying too high in energy to be accessible) and so 

4/g ' u 	/2--  ( 

	
± 	 (6.186) 

where A and B label the two identical atoms, one from each beam, and ØAB 

are the ground state atomic eigenfunctions. The electronic wave functions 
in the actual entrance channels of the experiment are 

or . (6.187) 

1ØB 
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Our first approach might be that, equipped with wave function 6.187 we 
calculate an interatomic potential from 1st order perturbation theory 

VA(R)= V A *a(R){( g  IHI 	Ifk) — (Eo 

1! 

where H is the complete electronic Hamiltonian and E0 , E0 * are the energies 
of the isolated ground and excited atoms. In arriving at Equation 6.188, use 
has been made of the fact that, by symmetiy, ( i1i I HI Pu  > = 0. The 
scattering, we might think, would then be confined to the AB*  or  A*B 
channel and in either case proceed under the influence of the potential in 
Equation 6.188. 

The difficulty is that the interaction potential in H, by which an electron 
on one atom experiences a field due to the neighbouring atom, connects the 
state AB*  and  A*B in the sense that the matrix element 

( P.A 1IiB* IHI4A*t8)=(11/ g  JH I lP g)(lP u  I H I 	(6.189) 

is not zero. The result of this is that if we were to start the collision in the 
state AB*, then time dependent perturbation theory (or the method of 
analysis to follow) tell us that the 'exciton' (labelled*)  oscillates between the 
two atoms during the collision. This problem seems to require the solution of 
two simultaneous wave equations to replace the single one (Equation 6.6) 
with which this chapter began, but fortunately there is an equivalent route 
that decouples the states. 

The interatomic potentials for the states described by O g  and 	are also 
well defined 

Vg ,uR)(I/ g , u  I HI g ,u) 	E0  +E), 	(6.190) 

and the Hamiltonian is diagonal in this representation: 

(11 gIHIiPu)O 

Thus, regardless of whether in practice we can prepare the u and g states, 
we can define a scattering matrix for the collision of the two atoms with 
entrance and exit channels formally labelled g and u. The advantage of this is 
that the complete S matrix is now factored into two sub-matrices, one for 



	

e2 i 	0 
(6.191) 

	

0 	e 21 hz 
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scattering between (g, 1) channels and the other between (u, 1) channels. 

Physically, if we prepare a gerade state, then however violent the collision we 
cannot possibly end up in an ungerade state because there is no term in the 
Hamiltonian that couples terms of different symmetry. For the scattering of 
ground state S atoms, the scattering matrix is completely diagonalised 
because states of different relative angular momentum (1 - value) are not 
coupled by the Hamiltonian. This remains true to a good approximation for 
the scattering of excited or ionised 25 or 3S states, and somewhat less true of 
P states, where electronic orbital angular momentum is more readily coupled 
to translational angular momentum, especially with regard to changes in the 
projection quantum number mL. 

Assuming that the relative angular momentum is separately conserved, we 
deduce that the S matrix in the g, u description is completely diagonalised, 
and the lth sub-matrix down the diagonal is of the form 

The phase shifts pg,"  can be calculated by any of the methods outlined in 

Sections 6.5, 6.7 or 6.8 using fr,(R) asappropriate. 
From our knowledge of the S matrix in one basis, (Equation 6.191) we 

can readily find it in any other orthonormal basis by the appropriate unitary 
transformation (Section 6.4). In the present case the matrix {T}that converts 
the 4/ 5 }basis into the {ØA,  }basis is, from Equation 6.187. 

1 	1 

{r}= 	 (6.192) 
1 	1 

and so the 1th  factor of the scattering matrix in the {A'B} basis is given by 

the similarity transformation 

{S,}A ,B = IT}' {S i } g , u  {T 
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where the first transformation deals with the exit channels- and the second 
with the entrance channels. The result is 	 - 

(SA:'BI:AB-1

SABsI.ABS1 SAB*l:A*Bl\ 	e 2 i + e2i} 	(e21 	e 2 

 SA*B1:A*BI). 	(eh72_e2h# ) 
	

(e 21 + e 2 J 
The new S matrix is, of course, unitary but is no longer diagonal. The proba 
bihty of transition from the entrance channel (AB*  1) to the exit channel 
(A*B ; l), i.e. for the transfer of excitation from one atom to the other is 

FAB*1 A*Bl = I 	A*Bl 12 = ½ [1 - cos 2 	- ')] 	(6. 193) 

- The differential cross-section for elastic scattering of either the excited or the - 	- 	
ground state is given by 	- - 	- 	-. 	- 	-- - 	- 

fAB*:AB*(X)=k(2l+ 1) (- ( e  2 i +e2 mfl5_l}P,(cosX) - 	- 

	

k((2l+1Xe 	l)PXcosx)  

U.  

+(2l+1)(e2 "1 - l)Pi(cos) 

	

kg(X) + fu(x)) 
	

- - 	- 	- 	- 	(6.194) 

The gerade and ungerade scattered amplitudes can be summed separately by 
any of the methods previously outlined. In particular, if the semi-classical 
method is used and the regions of stationary phase for a given value of x 
located in both fg(x) and f(x), we can write -_ - - 

B* :AB*(X) = (ag (x) + au(x) + 2[ag(x)au(x)] V2 cos(g - )} 	(6.195) 

where it is assumed that there is only one region of stationary phase in each 
of the fg(X) and  f(x); 13g , Ou  are defmed analogously to Equation 6.134. A 
new interference structure has thus emerged, with a frequency 

Lx 2irI(l,—l), 	 (6:196) 
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where the difference between 7719 and ri' in  Ilg - 0 has been neglected. This 

structure will only be pronounced if the amplitudes of fg(0)  and f(0) are 

similar. 
The exchange differential cross-section is similarly found to be given by 

	

O 	
1

AB* : A*B(X) = Ifg (X) —f(x) 1 2 , 	 (6.197) 

and so also exhibits interference structure of the same frequency as the direct 
scattering but 1800  out of phase. At large separations of the particles, the g 
and u potentials differ only slightly, as do- the associated phase shifts. 
Re-arranging Equation 6.197 to introduce an average phase shift, 

- (nf + ta') = av 
 III 

gives 	 - 

n av 

	

fAB*:A*B(X)= 	(21+ 1)e2isin(O _fl?)Pj(cosX)  (6.198) 

For small angle scattering, then,the term sin (r - ia') in Equation 6.198 is 

but slowly varying and we need only look for stationary phase in mr-". The 

treatment of Section 6.9 will then give an average scattered amplitude fav(x) 

and the exchange cross-section expression becomes 

OAB*:A*B(X) 	IPv(x)1 2  Sjfl2 (71g77u) 	(6.199) 

a formula valid for i - 	7r/2. Thus it can be said that exchange 
scattering is directly dependent on the difference in gerade and ungerade 
potentials. In particular, at small angles, when the Born approximation for 
the phase shifts is applicable, the exchange cross-section is quadratically 
dependent on the difference in strengths of the two potentials. 

Exchange scattering of the type described in this section has been most 
thoroughly studied in ion/neutral systems, notably He k/He from 15 eV to 

300 eV. In this case it is not an exciton that is exchanged but an electron, but 
the foregoing treatment remains unchanged, except for the complication of 
identical nuclei for which the treatment of Section 6.15 can be incorporated 
as follows. The entire atomic pair wave function 

	

'P = ('Pnuclear)('Pelectronic '('P molecular ' ('Peiectron , 	(6.200) 
spin 	co-ordinate/\ rotation J\ spin 	/ 
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must be either symmetric (bosons) or anti-symmetric (fermions) with respect 
to interchange of identical particles. The He 7He system can be treated as a 
1.electron one and only the first three factors in Equation 6.200 are relevant 
(i.e. only doublet molecular states considered). For He 4  (I = 0), gerade 
electronic states are associated with even rotational states and ungerade with 
odd states. Then, 

	

- fg(X)f g (X) +fg(1T - x)= 	(21+ 1)[e 2 	1] P,(cos x), 
1 /even 

(6.201) 

	

f(x) =f(x) +f(ir - x) = 	(21 + 1)[e21Y - 1] P,(cos x) ikio 

replace fg  and fu  in Equation 6.194. The number of possible interfering 
branches of the deflection function has now increased to four or more and 
the simplicity of the earlier pattern is marred. However, we have seen (Section 
6.15) that if the scattering can be described in a semi-classical fashion,.nuclear 
symmetry effects only become apparent at angles somewhat greater than the 
rainbow value. For the case of He7He  in the low eV region, many partial waves 
contribute and a semi-classical teatment is appropriate. In this system it 
is the ungerade state that possesses a deep potential minimum and the gerade 
state is effectively everywhere repulsive. There are thus three branches contri-
buting to f(x) at angles less than the rainbow and only one branch to fg(X). 

All these interference effects can be found in the experimental results for 
the 4 He/4  He system. The potentials and deflection functions are sketched in 
Fig. 6.12 together with the calculated (semiquantal) differential crosssection 
at 15eV (Fig. 6.13). The observed scattering (D. C. Lorents and W. Aberth, 
1965) follows the calculated curve quite closely, although the highest 
frequency oscillations on the bright side of the rainbow (arising from f) have 
not been resolved. 

The radial separation at which gerade and ungerade potentials begin to 
diverge depends upon the electronic states of the two atoms. Thus, in the case 
of the He/He system, a typical matrix element that governs the gerade/ 
ungerade splitting is a 1-electron integral; 

HABrJØA(rA)(-+-- _½V2} 8(r)dr 	(6.202) 
rA rB 	 - 

However, for the system H(ls)/H(2s) or He(1s 2 ; ' S)/He(ls' 2s' ; 3 S) a two 
electron exchange integral is involved, which is a roughly quadratic function 
of the overlap of the two atomic orbitals. The splitting of the gerade and 
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V(r 

xl' 

1T. 

Fig. 6.12 Potentials and deflection functions for 
4 He, 4 He scattering. For the angle of deflection, X, 
illustrated (x > Xr), there are four interfering 
branches of the deflection function centered at 
i. . . 14 . The gerade potential will have a shallow 
minimum at a fairly large value of R that arises from 
the charge-induced dipole interaction and is not 
shown. 

ungerade states thus begins at much closer separations in the latter cases and 
so the associated interference effects (e.g. from Equation 6.199) appear at 
larger angles of deflection and are less accessible to observation. 

6.17 Scattering from mixed spin states 

We now turn to the problem of the mutual scattering of 2 S atoms, i.e. of 

atoms with one unpaired electron. Two types of experiment have been 
performed, in the first case one of the beams is spin state selected (M5  = ± 1/2) 

while the detector has an analyser also tuned to one of the spin states. The 
other configuration is one in which no spin selection at all is used. 

Concentrating on the case of unlike nuclei (labelled A and B) the various 
atom pair wave functions that fulfill the anti-symmetric rule for the 
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Fig. 6.13 The differential cross-section for He - 
He scattering at 15 eV, identical nuclei. The high 
frequency structure at X <Xr is apparent, giving 
way to a simpler low frequency structure beyond 
the rainbow. This, in turn, shows the increasing 
interference from the exchange -scattering - 
(I f(x) I I f(n - x)I) at larger angles. The pure ex-
change scattering, I f(ir - x) 12 is negligible through-
out this angular range. (Adapted from R. P. Marchi 
and F. T. Smith, 1965.) 

electronic wave function are the familiar singlet and triplet states; 

= {ø(ri )B(r2) + Øj (ri  )A(r2 )} {a(1)$(2) - 

	

(—

I 	 - 	a(1)a(2) 	 (6.203) 

	

0 	{øA(r1 )Ø(r2) - B(ri )A(r2)} 0(1)13(2)+ a(2)13(l) 
-  

The potentials associatei with these two states are very different, the triplet 
potential generally exhibiting only a very shallow minimum and the singlet 
state leading to a deep 'chemical' well. However, with no spin selection at all, 
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or even with the spin of only one atomic partner known, we have no a priori 
means of knowing whether the colliding pair is in the singlet or triplet state. 
However, if the spin is not coupled strongly to the relative angular 
momentum, transitions between singlet and triplet states are unlikely and we 
can expect the S matrix to be diagonal in the true singlet/triplet representa-
tion. The situation is thus very similar to the gerade/ungerade scattering of 
excited atoms or of ions treated in Section 6.14 and the formalism can be 

largely carried over. 
From an experimental point of view, we need to describe the various atom 

pair wave functions according to the spin of each atom. Thus, if both atoms 

have M = +½( a), 

II OAa øBa II. 

If atom A has spin a and atom B spin 0, 

0,0 = II OAaB13 II. 

and so forth. Expanding these wave functions in terms of the singlet and 

triplet eigenfunctions 	gives:- 

= 1P ii 

øaø2(/boo+huio) 	 (6.204) 

0=21,1,00 —Pio) 

a13= ii_i 

Clearly, althougJ the singlet and triplet eigenfunctions diagonalize the 

total energy operator, the basis (aI 3) does not and in particular the matrix 

element 

J Vçb dr=fti oo Vp oo dr—J tJi 1o V/i io  dr 	(6.205) 

is not zero. In this situation it is more convenient to evaluate the S matrix 

elements in the (sM) basis and to subsequently transform to the (aJ3) basis. 

The observed scattering pattern will then be the superposition of the 

scattering resulting from the (an) (30), (a43) and (13a) entrance channels 
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weighted according to the spin selection used in the experiment. Thus, if 
0aj3:'y6 denotes the cross-section for scattering from the entrance channel 
(aj3) to the exit channel (y) we have, using the fact that either spin state is 
equally likely in an unselected beam (the cross-beam in cases I ;  II and W 
below) 

Case I. Atom A in state a, analyzer for atom A set for state 

qi(x) 	O3:l3(X). 	 •. 	(6.206) 

Case II. Atom A in state a, analyzer for atom A set for state a; 

UIj(X) =  [aac:ac(X) + U3:aa(X)]. 	 (6.207) 

Case III. Atom A in state a, atom B in state 0, no spin analysis at the 
detector; 

- 	 ajiI(x) = O:3(X) + a.(x). 	 (6.208) 

Case IV. No spin selection or analysis; 

Uiv(x) = 	[Uaa:aa(X) + Up : (X) + O:(X) + 

	

- 	 (6.209) 
+ a:a(x) + 

In cases III and IV the spin exchange cross-sections must be included because 
the detector cannot discriminate between direct and exchange scattering. 

Relying upon the fact that the interaction potential is diagonal in the 
(SM ç) representation, we know that the S matrix for scattering from these 
states will be diagonal. 

The 1th sub-matrix reads 

- .. 	fe2h1 	0 	0 	0 

	

1 0 	e2° 	0 

	

0. 	0 	e2? 	0 
0 	0 	e2mfl° 

(6.210) 



CHAPTER SEVEN 

Elastic Scattering 

7.1 Introduction 

In the preceding chapters we have discussed mainly the results of collisions 
between particles without internal structure and interacting via a single 
potential These collisions were of necessity elastic in the sense that there was 
no change in the internal states of the particles after collision. In the real 
world of atoms and niolecules internal states are legion and collisions ofteti 
result in transitiOns between them. FUrthermore, scattering may not take 
place under the influence of a single intejinoleculat potential if the 
Born.Oppenheimer approximation breaks down. In this situation even 
collisions which are formally elinticin that the incident and final states are 
identical, may not be two body c011isions in the setise of the theory presented 
in Chapter 6: Potentials that are apparently velocity dependent would be one 
indication of behaviour of this sort: Fortunately for the evolution of the field 
it appears that at thermal energies most atomic aUd inolecular systems can be 
thought of to a good approximation as interacting accordiig to well defined 
potentials, i.e. the electronic motion is adiabatic. 

Elastic scattering experiments are primarily aimed at extracting inter-

molecular potentials and ;  less directly, with any concurrent inelastic or 
reactive piocesses. A full discussion of the other experimental techniques and 
their theory that are relevãtlt to the tOpic of intermolecular forces would 
occupy several volumes. FortUnately, a nUmber of recent books have treated 
this subject in depth (J. 0. Hirschfelder ;  1967; H. Margenau and N. R. 

Kestner, 1969; C. Schlier, 1969) and here we shall be concerned only with 
the scattering aspects of the problem. 

243 
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The intermolecular potential is usually given a bipolar analytical form, 
with a long range attractive part and a short range repulsion term. We have 
seen that the operation of both attraction and repulsion in a molecular 
collision is responsible for much of the structure in molecular scattering 
patterns. A purely repulsive potential would be much less rich in quantum 
interference structure. A very wide range of analytical forms have been 
proposed for these potentials, the best known being the Lennard.Jones 12-6 
potential: 

	

V(R)=—C 6R 6 +C12 R - ' 2 	 (7.1) 

=4€(() 	
(ol

_)6) 	
(7.2) 

The advantage of using such a universal formulation lies in the readiness with 
which comparison between different molecular systems may be mad!  in terms 
of only two parameters. In addition, the measurement of intermolecular 
forces reduces to the determination of the coefficients in the potential if a 
simple parametrised form is adopted: This approach, although widespread,. 
suffers from anumber of disadvantages. 

Firstly, it is already clear that these forms are over-simplifications. The 
parameters in the potential, when they do have a clear physical meaning such 
as a well depth, can only yield the best approximation to the actual value 
that the form of the potential allows. For instance, in a truncated multipole 
expansion of the potential the various coefficients C6 , C8  etc. although 
having a precise physical meaning alter their apparent value as more terms are 
included in the potential used to fit the data. A second difficulty with these 
forms is that they seem to apply to an infinite range of intermolecular 
separations and energies even though the experiments to which they are fitted 
have only sampled a very limited range of these variables. Thus, a measure-
ment of the differential cross-section, even over 180 degrees; will only yield 
information on the potential over the range of R actually sampled by the 
classical trajectories, and most accurately on values of R near the classical 
turning points. The cautious experimenter should thus perhaps present his 
data as a table of values of the potential, defined with varying precision, to 
which spline functions can be fitted for analytical purposes. 

Data on intermolecular potentials has been obtained by a number of 
techniques other than by scattering methods. The most important of these 
are (i) bulk measurements of state and transport properties and (ii) 
spectroscopic methods. Typical bulk data are second virial coefficients and 
viscosities of gases over a range of temperatures. Unfortunately, the 
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where TffMS  is the 1th phase shift derived from the potential 

VsM5(R) = ( SMS  H(r,R) I SMS> - (Ed' + E) 	(6.211) 

and V is independent of M3 . Then, to convert from the (SM) to the 

(M M5 ) basis: 

/cxcx\ 	/1 	0 	0 	

0' (_O'1\

(o 	2Y2 	2) 	i 	o 

	

0 	_2''2 	2Yz 	—1 J 	
(6.212) 

	

0 	0 	1 	0 	oI 

The S matrix in the (a$3) represent 

/e2iuli' 	 0 

	

1 o 	2_1(e2i°+e2I°) 

	

0 	2_1(e2)°_e2i°) 

	

\o 	 o 

stion then becomes: (itt 

0 
2 1  (e 2 fhi 	e 2 Y) 
2_ 1 (e2) ° +e2 1 ° ) 

0. 

factor only shown) 

) (6213) 

e2i) 

The differential cross-section for case I (pure exchange scattering) is found 

from 

0 	 - 

j(21'+ 1) e 2 "H
1 
 —e2" 

001 
 Pi(cosx) 	(6.214) 

to be (with the notation 1 singlet, 3 triplet) 

lfI(X)—f3(X)12 	 (6.215) 

= 
( I f ,  (X 2 + 1f3(x) 1 2 _2 cos(a 1  —) If1(x)l lf3(x)I) 

where (see Equation 6.129) 

1 e 2 utl 
fi ,3(X) = -(21 + 1) e21 

°
oJ P1(cos x) = 1f1,3(x) 	 (6.216) 

2ik

and we have used the off-diagonal element Sa:aa in Equation 6213. 

Equation 6.214 shows that the exchange scattering is determined by the 

difference between the singlet and triplet potentials. 
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The scattering in case II is given by: 

• 	aIi(X)=If3(x) 2  +Ifi (X)I 2  +cos(a j  —a 3 ) If(x)I If3) I. 

(6 .217) 

This experiment, without a spin selected cross-beam, is much simpler than the 
- direct observation of spin -  exchange scattering (case I) and the interference 

oscillations arising froin the last term in Equation 61217 have been observed 
by D. E. Pritchard and F. Y. Chu, 1970. It is clear that little is gained by spin 

	

- - 	selecting the cross-beam; the weighting of the interesting cross-term would 
increase but no new effects would emerge. 

The cross-section in case III is given by: 

- 	- 	
a(X)= - If3()() 12 + Ifi(x) 1 2 } 	(6.218) 

The cross-section for scattering from unselected beams, case IV, is given by: 

	

- 	 aIv(X) = 	I f(x) 1 2 + 	If1 (x) 1 2 	(6.219) - 

The interference terms have disappeared, the oscillations in u() from the 
• direct and exchange scattering (contributed by °aa:a  + 7 a:a and 

Ua3 Øa + g3a : af3 respectively) being 180 0  out of phase ,. The weighting 3:1 of 
-the triplet and singlet cross-sections is simply the relative probability of 

• fmding these states in a random mixture of spins drawn-from the two beams. 
The unselected spin experiment has been performed with sodium scattered 
from potassium and although it is difficult to deduce both singlet and triplet 
potential parameters from this sort of experiment alone, they can be 
extracted when the results are considered in conjunction with the spin 

- selected experiments. 

Experiments can also be devised to measure the total cross-section in cases 
II-W. In cases III and IV, those without spin analysis at the detector, the 
measured intensity in the forward direction, besides giving'the attenuation of 
the main beam, also contains a contribution from the exchange scattering, 

aa:aa(0) and 00a:aa(0) which reduces the apparent total cross-section from 
the true value given by the optical theorem. The outer. branch contributions 
to the singlet and triplet scattered amplitudes are in phase at x = 0 (for large 
impact parameters the difference between the singlet and triplet potentials 
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disappears) and so give no contribution to Uexc h(0), leaving only the small 
inner branch contributions of which there may be several. Experimentally, 
see Fig. 7.20, it is observed that 7exch(°)  is indeed very small, being less than 

1 per cent of 0tot  (D. E. Pritchard, et al., 1970). 
Calculating 0tot  in cases III and W presents no problems, we can simply 

integrate expressions Equation 6.218 or 6.219 over x and add the forward 
exchange-contribution to obtain for the apparent total cross-section Q: -- 

	

QIV = — a( —a() —tj(0) 	(6.220) 

However, when we come to integrate a11(x), 	- 

lr - 

J cos(a1—a3)1f3(x)IIf1OOIsinxdx 
0  

has to be evaluated. We by-pass this by applying the-optical theorem to the 
relevant scattered amplitude to obtain: 	- 	- - 	-. 

- 	 (6.221) - 

since the forward exchange contribution is clearly zero under the experi-
mental conditions. 	 - 

Appendix A Some properties of Bessel functions 	-. 

Useful limiting forms of spherical Bessel functions are: 

p'/l.3.5 	. .(21+ 1) 	
) 	 - 

- 	 - 	 - 

n,(p) 	- 

- 

—1.3.5 . . .(21+ l)/p'') 

- 	

- 	 j;) - 	
1 sin 	- ln/2)- - 	 - 	

-- (6.Al) 

- 	 n,(p) -___ - 4cos(p—lir/2) - - 
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The Wronskian is 

d 	d 	1 
(6.A2) 

In generating. these functions in the region p > / on a digital computer (for 
calculating quantum phase shifts) an upward recursion formula is sufficient: 

i±Kz) = f±,(z)sinz +(-1 (z)cosz (j_,n,) 

fo(z) = z - 1 	
fi (z) = z 	 (6.A3), 

f, +1()=(2l+ 1)z 1 f,(z)—f,_1(z) 

If the argument is appreciably greater than the order, the magnitude of 
successive it  and n 1  is similar (from A.1) and upward recursion may be used 

:without cumulative error. 
The first two -Bessel functions of integral order, J1(j), encountered in 

Section 6.6 are expanded thus asp - 0; 

Jo(p) 1 —p 2 /4+p4 /64+ 

J1(p)p/2—p3/16+p5/384+... 	
(6.A4) 

and for p - 	the asymptotic behaviour is 

Jo(p) (2/irp) cos (p - 7r/4) 	
(6.A5) 

it (p) (2/irp)½ sin (p - 7r/4) 

Appendix B Resonances 

Analytically, the simplest way in which resonances arise is by reflection at an 
abrupt change in the potential, even though classically there is no barrier to 
the motion. Thus, a commonly used model of the nuclear potential, the 
square well, permits the continuum S-wave functions to penetrate the well for 
some energies but completely reflects the incoming wave at other energies. 
(Fig. Bi). In molecular scattering, potentials that change abruptly over a 
wavelength of the relative motion are rare and resonances generally arise by 
reflection and transmission at a centrifugal barrier, Fig. 131(2).  In the latter 
case there are classically bound states of positive energy that are absent from 
the S-states of the square well. There are, nevertheless very close formal 
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Fig. Bl. Resonances ariing from (1) a square 
well potential, (2) a centrifugal barrier. In case 
(a) the particle passes into the well and experi-
ences a large positive phase shift. In (b), reflec-
tion at d prevents the incident particle from 
passing over the step and the phase shift is that 
of hard sphere scattering. 

In (c), the energy is above the critical value 
for orbiting, but slight reflection can occur near 
the potential maximum (vestigial behaviour of 
type (b)) leading to small perturbations of the 
quantum cross section. In (d) there is a resonance 
with a quasi-bound state in the well, where the 
amplitude exceeds that Of the exterior wave 
function. The phase shift will rapidly increase by 
71 radians at this energy. 

similarities between the two cases and we develop in very simple terms the 
potential step case up to the Breit-Wigner formula and then state the parallel 
results for the centrifugal barrier case. The first part of the path is a well 

trodden one and clear treatments are in T. Y. Wu and T. Ohmura, 1962, and 

E. Merzbacher, 1961. 
For the square well potential, 

V=—V 0 , Rd 	
(6.B1) 

V=O, 	R>d 
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wave functions of the standing wave type inside and outside the well are, for 
the case of zero angular momentum, 

Vi i =  C sin [KRJ 	
(6.B2) 

• 0 11 =Dsin[kR+ 0 (ff)], 

- -- 	- 	where the asymptotic forms appropriate to regions where the oscillatory 
behaviour is well developed (kR > 1) are used. Thë wave number inside the 
well, K, is given by 

• 	 - 	• 	K=./2iiE+V0 ). 	 (6.113) 

The two solutions for Equation B2 are joined at R = d by matching their 
gradients and amplitude, generally telescoped into the logarithmic derivative, 

(6B4) 
4 dR)R=d 

In order to make use of standard results, the S matrx elements (of which 
there is only one for l. O)is found in terms of f. From Equation 6.63, 

t = {e" - S00e"} H 	 (6.135) 

and from Equation 6.B4 applied to the exterior wave function 

Soo 	e 2'"t 	 (6136) 

and so the total cross-section is, from Equation 6.65 

(6B7) 

• where the scattered amplitude has been broken up into a hard sphere 
contribution (phase shift i = — kd from Equation 6.160)- and a resonance 
part. - 

Incorporating the actual wave functions ii1 and (H  gives the matching 
condition 

f=kd cotan [kd +] = Kdcotan Kd 	1 (6.138) 
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which determines i. Referring to Equation B7, the resonance contribution 
to the total cross-section passes through a maximum every time f passes 

through zero. p0 (E) can be found from Equation B8 to have the following 

form: in the region K > k (E <4 I') i7o  = —kd + nit except when Kd passes 

through an odd multiple of 7r/2, when i7o rapidly increases by it to sweep 

cot(kd + 17) through zero. In the limit E > V, K k, m tends smoothly to 

zero, tinally to be given by the Born approximation (e.g. from Equation 6.81 

with (kR) 2  Jo (kR) 2  replaced by 1/2 in the integral) 

kd. 	 (6.B9) 

Thus, building up the phase shift function from the high energy end, there is 

a smooth rise from zero until K/k is appreciably greater than unity when a 

step-like structure appears in 7?0 (E), the points of maximum gradient occurring 

at the resonant energies E* at which 

Ii(E'' + V 0) = (n + Vz)ir. 	 (6.1310) 

We now need an approximation to f in the region of a resonance and take a 

linear approximation, 

f(E_E*)Idf/dEIE=E* 
	 (6.Bl 1) 

Introducing Equation 6..B8, 

	

df/dE 	 . 	Id//dE In'=n'* =kd(a1IaE)E=Es; (6.B12) 
sin [kR+ 0 ] 

where we have used the knowledge that 17 is much more rapidly varying than 

k near a resonance. Defming a quantity F with the dimensions of energy, 

F= 2 I 077/8E) I=E* 	 (6313) 

we have 

i—tan' r12(E_E*) 	 (6314) 

	

where r 	-- = kd is the phase shift induced by scattering at the boundary d; 

and so F is the range of E over which the phase shift effectively changes by it. 
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Then, substituting Equations Bi 1 and B12 into Equation B7 gives 

ir 	if 
0tot = 	 + ( 1 - e2n) 

2 	
(6.B15) (E_E*)+ir'/2 

and if the resonant contribution is dominant near E*, 

- 	 It 

k 2  (E - E*) 2  + f 2/4 	 (6.B16) 

This has the form of the Breit-Wigner formula. r has added significance 
through its connection with the delay time of the scattering. From 
Equation 2.41, 

-r =2ha/aE 

and so 

r =4hJr. 	 (6.1317) 

Thus, the shorter the delay time, he. the shorter the lifetime of the system 
within a radius d, the broader the resonance. This is the basis of the argument 
used in Section 6.14. In deciding the best experimental conditions for observing 
resonances. 

We now turn to a qualitative discussion of the changes in the above results 
when the resonances are associated with states trapped behind a centrifugal 
barrier, so called shape resonances. There are strong formal similarities 
between the two cases and these are emphasised in Fig. Bi, where the 
matching boundary at r 'd is extended into the potential with a centrifugal 
term and forms a notional boundary at which interior and exterior solutions 
are matched in the latter case. A phase sensitive detector situated at r > d 
would see only the step-like behaviour of the phase shift which can always be 
fitted by the form of Equation 1314, with the aid of only two parameters and 
without a detailed knowledge of the nature of the potential. 

Important differences between the two cases are that the amplitude inside 
the well can now exceed that of the exterior wave and very long lifetimes are 
encountered. Secondly, at a given energy there may be several partial waves in 
or near resonance, but generally these will be sparsely scattered and we will 
continue to assume that only one is present. 

The semi-classical approach is to match the three WKB solutions in regions 
I, 11 and III of Fig. 2.1, and after some manipulation the form of Equation 
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B12 is regained for the phase shift, but with two changes (J. N. L. Connor, 
'1968). For the n th resonance of the 1th  angular momentum state, 

R 2  

rni 
= 	In [1 + exp (2h' J I p(R) I dR)] 	(6.B18) 

	

2ir 	 R, 

where v nj  is the classical frequency of oscillation in the well of the effective 
potential. The logarithmic factor in Equation B 18 represents the effect of the 
centrifugal barrier and ranges between zero for very thick barriers to ln2 for a 
barrier of zero width. Equation B18 is derived for the case of a parabolic 
barrier, but the dependence on the action integral through the barrier will not 
be a sensitive function of the barrier shape. The phase shift, far away from 
resonance, Tjo , is now given by the usual semi-classical value, in Equa-

tion 6.110. - 
Finally, the contribution of an isolated resonance at I = 1* to the obseryed 

total cross-section can be found by integrating Equation B15 over the energy 
resolution 5E of the experiment to give (for 6E 

= 	

E+6E12 

&EJE_6E/2 
a 	

47r 
dE 	(2I + 1) {sin2 	+ iT 	cos 2iiz }. 

(6.Bl9) 

The most favourable conditions for observing a resonance are thus for 

and 1*  to be large. This points to a level near the top of the centrifugal 
barrier, but even so the measure of the resonance is small. Thus, the 
maximum value for * will be that for orbiting and if the orbiting radius is d, 

l*kd andso 	 - 

res 	1 r, tot 
 

(6.B20) 
7tot 	kd E 

generally a small fraction for even the lightest atoms (l/kd < 0.01). 

Appendix C Summary of useful formulae 

In the partial wave summation the scattered amplitude is 

1 	 (6.C1) f(x) — (21+ l)[S,, - l]P,(cosx) 
2zk 
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and the differential cross-section 

0(x) =•Iftx) 12 

The total cross-section is 

l)[1 RS11 	 (6.C2) 

= 	(21 + 1) sin 2 , 	 (6.0) 
k. 

where S,, is the diagonal scattering matrix element e 21 1 and 77 is the phase 
shift of the 1th  partial wave. 

The optical thOrem connects the imaginary part of the forward scattered 
amplitude ImfiO),with the total cross section 

a0=ImfO) 	 (6.C4) 

In the semi-classical approximation the phase shift is given by 

771 j 	[1 211 V(P) (l;v2)2]½d 	
$00 

[1 
.(l+1/z)2f2d 	(6.C5) 

The condition of validity of Equation CS is sometimes expressed in terms of 
the de Boer parameter A* 

= h/[a(2,Je)'2], 	 (6.C6) 

(closely related to the condition of Equation 6.106 with E = c) and is 
A*<l. 

In the Born approximati6n the phase shift is given by 

24 • 	• 	- • 	- 	 - 	(6.C7) 

p=kR 

and is valid for<0.S orA*4  1 
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For a potential of the form V = -C3R -s the Born result reduces to 

11C., 

3) 
+  

\ 	2 	2 
(6.C8) (k)s 

++) 

and for the total cross-section: 

• 	
1 	2/(s-I) 

a(v) = 2ir/( 	) sin 
[iT s_3] 	(s_3){ _2 	2] (c)2 /s-1  

(6.C9) 

For a potential with s = 6, this reduces to: 

a 0 (v) 	8.083[]. 2I5 	• 	• (6.C10) 
hV 

At not too small angles of observation, the semi-classical or classical outer 

'branch contribution to U(X) is: •  

a(x)± ([S - 11 
c)2/s 	

' (6.C11) 

If the Born approximation is valid for all phase shifts, 

J(q)=4Jq' sin (qR) R V(R) dR, (6.C12) 

where 	 • 	- 

q2ksin(x/2) 

so that in this case inversion to yield the potential is possible, 

- 	 h2 
RV(R) 	- ir 	q —f(q)sin (qR)dq. .1 0 

(6.Cl3)  
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The extrema in the total cross-section for a Lennard-Jones potential occur at 
velocities VN given by: 

N— 3/8 = 0.3012 (eo/(hvN) 	 (6.C14) 

where N is an integer for maxima and half integral for minima. The transition 
between attractive and repulsive behaviour in the total cross section energy 

- dependence occurs at: 	- 

u2.5eah'. 	 (6.C15) 

The total cross-section is approximately related to the differential 
cross-section at zero degrees by 

atot 	- [(0)] 1/2 	 (6.06) 
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temperature range over which such data can be obtained is limited and the 
results are relatively structureless, Fig. 7.1. The information about potentials 
that can be extracted is thàrefore limited and these methods are perhaps of 
most value in testing potentials devised by other means. 

Spectroscopic methods have been applied in various ways, perhaps most 
important is the Rydberg.Klein-Rees (RKR) method Q. T. Vanderslice et al., 
1959). In this technique vibration-rotation bands are analyzed to yield values 
of the potential at - the classical turning points of the internal motion and no 
prior assumptions about the potential form are involved. Unfortunately, this 
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0 Holborn and Otto 

I + Mich&s,Wijker 	 - 	
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Square-well 

- 	
- 	 Buckingham and 

- 	I 	 - 	Corner 
Lennord-Jones 

- 	 190 	200 	300 	400 	 - 

T(K) 	 - 

-. Fig. 7.1 Second virial coefficients for argon calculated for several molecular 
models. The potential functions obtained from the experimental B(T) data 
are also shown. The experimental data are those of L. Holborn and J. Otto, 
Z. Physik, 33, 1 (1925), and A. Michels, Hub. Wijker, and ilk. Wijker, 
Physica, 15, 627(1949). (Reproduced.from J. 0. Hirschfelder et al., 1964). 
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method is only suitable for relatively deep potentials which can support many 
vibrational states. The broadening of atomic spectral lines as a function of 
pressure also yields information on the difference between ground and 
excited electronic state potentials. 

Scattering methods, on the other hand, can readily explore a widerange of 
relative energies and potential depths. Also, if high resolution experiments are 
possible, very detailed quantum structure can be observed, e.g. as in Fig. 7.2. 

- - The informatiofl content is large, and tight constraints can be placed on the 
form of the potential over the range of separations effectively explored. The 
major limitations of the method are mundane experimental ones and also 
that, for atoms not in 1  S states, sepaafion of the various possible molecular 
states of the colliding system depends"upOn selectIng the J,mj) state of the 
incident atoms, sometimes a difficult task. The extent of this problem is 
shown in Table 7.1, where the various electronic states arising from different 
atomic states are shown each such molecular state will be associated with a 
rather different intermolecular potential. 

• 	25 
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Lob scat$ering angle 

Fig. 7.2 Elastic differential cross-section x 0  713 as a function of 
laboratory scattering angle, calculated for a LJ potential with 
parameters E/e = 7.85, GLJ = 4.25 A; A* = IV[aLJ( 2Me) 4 ] = 
0.0855 and XCM 1.17 °Iab  The rainbOw angle is 12.5° (lab) and 
two supernumerary bows are visible. 
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To date, atomic scattering measurements have been largely confined to 
atoms in Groups I and VIII, mercury and the halogen atoms. For collisions 
involving molecules, the problem is formally muh worse both because of the 
intrusion of inelastic events and because even if the motion is adiabatic with 
respect to the rotational and vibrational motion, different potentials might be 
associated with different internal states. However, these potentials may not 
be very different and especially in the case of a nearly spherical molecules an 
average potential is often adequate. In any case, this simplification is 
normally imposed by experimental considerations. 

7.2 Extraction of potential data from scattering measurements 

The formal inversion of a differential cross-section to yield a potential is a 
difficult problem. For cases in which a very few partial waves are involved, 
e.g: nuclear scattering, rather sophisticated procedures have been evolved 
(T. Y. Wu and T. Ohmura, 1962). These have not, however, been extended to 
thermal molecular scattering where the effective range of the potentials is 
much greater and thousands of partial waves are required. If either classical 
mechanics or the Born approximation is valid then inversion processes can be 
formulated directly. The Born approximation gives for the scattered 
amplitude 

	

f(q) = - 	sin (qR)pRV(R)dR/(27th2 ) 	 (7.3) 

where q = 2k sin (x/2) 

and so RV(R) is the Fourier transform off(q): 

	

RV(R) 	
2 	 12irh2  

= - - qf(q) sin (qR) 	 )dq 	(7.4)
11  iT 0  

Thus the potential can be determined by observation of the complete energy 
dependence of f(q) (= a(x)½) in the Born approximation) at a fixed angle of 
scattering. Unfortunately (see Chapter 6), Equation 7.3 is not valid for 
potentials that become comparable to the relative kinetic energy over any 
part of their range, as intermolecular potentials always do because of their 
hard core. The Born approximatiosi finds its greatest use in electron and 
X-ray diffraction work where the inversion property Equation 7.4 is the key 
to its structural exploitation. 

If classical mechanics is valid at the energy of observation and the 
potential is monotonically repulsive, there is a 1:1 correspondence between 
impact parameter and ángleof deflection. The differential cross-section can 
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Table 7.1 Diatom electronic states: unlike atoms. 
Reproduced from R. B. Bernstein and T. J. P. O'Brien, 1963. 

Atom2 

Atom 1 Group: F 	 H, VIII: 	III A 

Group State State: 2 S½ 

y 
- I 
- 	 2 

½ , 	
. 

 

II VIII 'S0 2+ 	 1+-. 

III A 2½u 
1 	+ 	1 	3 	+.3 H. 	: 	

2 Z  + 	2 FI 	1 	- (2) 	Z - ,  111(2) 	1 

IVA 	3P0 	22fl44fl 

VA 	S½ u  

VIA 	3 P2 	2 ,-2 H 44 fl 

• 	

: 

II 	 2), 2 I12), 2  
• 	44 E(2) H(2), 

3 , 3fl 

-(2), 11(2), 

• 	VII A 	2Vzu 	
1 +, 1 	3 ~ 3fl • 	2 	2 	1 	(2), 1 	-, 1 11(2), ', 

then be inverted to yield the :  potential (I. -Amdur, 1968). This approach will 
clearly be most useful at high energies. 	 - 

Unfortunately, even this technique is of very limited applicability in 
molecular scattering. Experimental observations will be limited in angular and 
energy range, be of less than perfect resolution and will include some noise. 
Under these conditions any formal inversion procedure is unreliable and what 
is required is an algorithm for making the connection between an assumed 
potential and the scattering pattern associated with it. The details will vary, 
butthe components of this algorithm will be: • - 

- 	- • (1) Apply all available information from other sources to estimate the 
potential and choose an analytical form for it. 	- 

(2) Identi1' and use any key features in the scattering observations, e.g. 
rainbows or glories, to refine the original estimates of the potential 
parameters. 
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VA 	IVA. 	 VILLA 

4 	 3 	 2 
Sy, 	 P0 	- 	 ryj U  

'-s -, 11(2), '& 
so triplets and 
uintets of above. 

2 	4+ 4 	 1+ 3+ 

(2), ' 	'11(2), ', 	2+ 2,' 	(2), 1 	-, '11(2), 'Li, 

[so triplets and 	also 4( 	
) 	also 3( 	

) and 5(  

uintets of above, 	and 6(  ). 	of above. 

2- (2) 2112) 2 	3- 3 	 2+(2) 2- 2U2) 2 	also 3( 	
) and 5( •) 

11(2), '. 	H. 	 (2), 11(2), 4A. 	of above. 

(3) If the data is of high enough resolution, carry out some fitting between a 
forward calculation of the expected scattering pattern (with appropriate 
averaging to allow for apparatus resolution) and the observed pattern. 

In many cases interpretation has stopped at stage (2). However, as 
better- data becomes available the full statistical treatment implied in (3) 

will become more usual. 

Recently an inversion based on classical mechanics and due to Firsov has 
appeared (V. G. Firsov, 1953) which relates the classical deflection function 
and the potentialt. This has been extended by U. Buck, 1971, who allows the 
deflection function to have both positive and negative branches, as - - 

t 	 x(b')db' 

	

Rc(b) = b exp 	
b (b'2  

- 	V(Rc) = E(1 - b 2  /R(0 2 ); (2R) 'd(R 2  V)/d.R <E 
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it should. The deflection function has to be obtained by a fitting process 
based on a semi-classical approximation to X(b) in terms of b. The advantage 
of this process is that the potential is obtained pointwise rather than as a 
constrained function. 

Elastic scattering measurements fall into two classes, those of the total 
cross-section o 0 t(v) by primary beam attenuation, and those of the 
differential cross-section 0(x). The latter measurement always involves two 
beams so that the angular scattering can be measured as a function of 
collision energy from an accurately defined collision volume. Although a(x) in 
principle contain more information than total cross-section measurements, 
experimental considerations frequently make the single beam 0tot  measure-
ment the most fruitful in practice, but in either case the effect of imperfect 
angular and energy resolution must be carefully allowed for in any. interpreta-
tion. 

7.3 Total cross-sections 

(i) Interpretation 

The key features in the dependence of total cross-sections on collision 
velocity have already been discussed in Chapter 6 and in Fig. 7.3 we show the 
major features in a plot of 0tot vs. velocity; At high energies the major 

C0 
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>' 

a 

a 

b 
a' 
0 

Eel 

I 2 	 3 
log v (arbitrary units) 

Fig. 7.3 Plot of log total cross-section versus log impact velocity 
(LJ potential (12:6), 2peo2 /h= 125). (Reproduced from R. B. 
Bernstein, 1966.) 
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contribution to the cross-section comes from scattering by the repulsive core; 
this is followed by a transition region where both attractive and repulsive 
forces are important and then a low energy region where attractive forces 
dominate. In this region, oscillations in the amplitude of the cross-section 
arise from the maxjinum in the phase shift curve passing alternately 

through odd and even multiples of 7r/2. Finally at reduced energies E/e <0.8 

sharp resonance spikes due to quasi bound states may be seen. In the case of 
angle dependent potentials the situation is more complex. However, if the 
molecule is rotating either very slowly or very rapidly with respect to the 
motion of the incident atom, some averaged potential may operate. In the 
first case the sudden approximation can be used (R. B. Bernstein and K. H. 
Kramer, 1964), and in the latter case the angular dependence is effectively 
wiped out by the rotation so that broadly similar features to those of Fig. 7.3 

can be expected. 
The preliminary interpretation of data such as is shown in Fig. 7.3 will 

concentrate on the mean slope of the velocity plot and proceed via the 
Massey-Mohr approximation. We recall that the exact result for ato t: 

4tr 
0tot 	 (21+ 1) sin 2  ?i 	 (7.5) 

becomes: 

a1 fs 	 (7.6) 
tot 

wheref has been given in Equation 6.C9. Using thisapproximation, 

The gradient of In Ut0t versus In u plots will be —21(s - 1) if the 

observations are made either in the low or high velocity regions. As can 

be seen from Fig. 7.3 (R. B. Bernstein, 1966), precision is limited by the 
existence of undulations in the attractive region and by the slow 
convergence of the gradient to its limiting value at high energies. 
The transition region cannot be accurately located, but for a 12:6 

potential: 

Vtrans 2.5 	LJ/h 	 (7.7) 

so that eaLJ can be estimated rather crudely. 
An absolute measurement of the total cross-section will yield C6  since in 

the MM approximation (with u in cm s', a in cm 2 ): 

5/2 
C6  5.76 x 10 30  VOtot 	erg cm6 	 (7.8) 
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This approximation is not too accurate, but is probably adequate for the 
experimental precision (±15 per cent) in the measurement of absolute 
total cross-sections. - 

The glory undulations which provide much more precise constraints on the 
intermolecular potential are not predicted by the MM approximation and it is 

•  - necessary to go to the semi-classical treatment. We recall from Chapter 6 that 
these undulations have their ongin in the joint operation of the attractive and 
repulsive parts of the potential, the turning points of the trajectories 
responsible lying close to R m , the position of the potential minimum. 

Taking the particular case of the 12:6 potential, the relevant Equation 
6.147 becomes: 

atot =  8.083 [C6/huLJ] 2/S + 47r10 [/"(l)] '/2Sifl (21(10 ) 317/4) (79) 

where maxima in 0tot occur when the wavenumber k satisfies 

l(kN)=17(N-3/8) 	 (7.10) 

where N is an integer. The amplitude of the undulations described by 
Equation 7.9 is datermined by [l/] ½, but from an experimental point of 
view the most reliably measured quantities are the extrema wave numbers kN 
since the amplitude of oscillation depends very strongly on the apparatus 
resolution. 

In the normal method of analysis, the various extrema are indexed with 
integers for the maxima, and half integers for the minima, the numbering 
starting from the high velocity end. The relative velocities UN corresponding 
to these extrema constitute an atom impact spectrum and the experimental 
results are plotted as ato  t(V).V2 / 5  versus. u. An example of this plot is shown 
in Fig. 7.4. The indexing may be checked by plotting the index number N 
against 1/UN; the plot should be linear at high velocities and yield an intercept 
of N=3/8 at v= and if this is not the case, the indexing is probably 
incorrect. The limiting gradient at high 0N  of this latter plot can be calculated 
using Born phase shifts for 71(1Q ); for the Lennard-Jones (12:6) potential the 
result is: 	 -- 	 - 

(7.11) 
huN 

enabling an initial estimate of the product ca to be made before more 
detailed fitting is begun. 
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Fig. 7.4 Atom impact spectra for the alkali systems. Reproduced 
from E. W. Rothe and R. K: B. Helbmg, 1968. Integers are the index 
numbers of the extrema. Dots are experimental values, dashed lines 
are forward calculations with no allowance for apparatus resolution. 
The full lines are apparatus averaged calculations. 

More detailed analysis is normally based on the Bernstein-O'Brien (BOB) 

plot in which (N-318)vN is plotted against E 11  (collision energy) (R. B. 

Bernstein and T. J. P. O'Brien, 1965, 1967; Fig. 7.5). The data is then fitted 

numerically to a quadratic form: 

(N-3/8)V N =I—S I Eñ' +S2 Ej 	 (7.12) 

to yield values for land S 1  with good precision and for S 2  with rather poorer 

accuracy. For any assumed potential form I, S and S2  can then be 

interpreted in terms of particular potential parameters. In the Bernstein-

O'Brien treatment Equation (7.12) is shown to be equivalent to: 

2 eR 	(1 	
A 1 e A 2 e 2  ' 

th 	 a1EN +2 i 	 ) 	(7.13) 
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Fig 1.5 BOB plot for data of Fig. 74. Reproduced froni 
E. W. Rothe and R K. B. Helbing, 1968. The dashed 
curves are the best fit to the data with values of e and a 
that are related by 4eo = The fact that rathef 
different values for e and a are obtained with constrained 
and unconstrained fits means either that the theoretical 
C6  value is wrong or that the potential is not of the 
Lennard-Jones form. 
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where 

eR m a i  =(ir1l2)I 	(A) 

e/a i  S i /(A i I) 	(B) 

e 2 /a 1  =S21(1A2) 	(C) 	 (7.14) 

so 	 a 1  =S2A/SA 2 I2  (D) 

and A 1 , A 2  are almost independent of the potential form, having the values 

A 1  = 0.1625 and A 2  = 0.0801. On the other hand, the parameter a 1  depends 

primarily, but still rather weakly upon the curvature of the potential at the 
minima and only to a much less extent on the actual potential form chosen. 

The curvature K at the potential minima is defined as 

[ 
a(V/€) 

K 	
a(R/Rm)2 =RmL 	= j2) , 	 (7.15) 

i.e. it is the second term in an expansion of the potential about the minimum 

of the form: 

N ,n 

	

= —1 + 'hK7 2  + 	f(n), 	 (7.16) 
n! 

where y = R/Rm - 1 (the reduced displacement). The variation of the 

parameter a 1  with K 1S shown in Fig. 7.6. It can be seen that the curvature can 
be reasonably well determined without recourse to a specific potential form. 

Alternatively an assumed potential form can be used to calculate a 1  for a 

range of curvatures and differing potentials. The data may then be used to 
determine the other parameters in the potential. A table due to Bernstein for 

three potentials of the forms: 

	

/6 'fR mr 	
I n 	 (7.17) (l)LJ.n,6; 	v/€=(6)j 

I - ( n_6/R)  

(2)Kihara: 	V/e= ( 
1 —a 	(_I—a 	 (7.18) 

\R/R m  _a)

12 

 R/R m  

(3) Exponential: 

)1 (a)(Rm) 6  
V/ C  —)exp —a(—  —1 I- 	 (719) 

\R m 	j 	a — 6 R 
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Fig. 7.6 Variation of a 1  parameter with K, reduced curvature for 
three potentials; (i) Lennard-Jones (n:6) (ii) Kihara (Equation 7.18) 

= 	 (iii) exp-6 (Equation 7.19). 

is shown in Table 7.2. For the L.J. potential the curvature is given by K = 6n. 
Forthe other potentials the nomogram given by R.- B. Bernstein and T. J. P. 
O'Brien, (1967) may be used. Thus, if a particular potential form is selected, 
and a 1  estimated, a measurement of I and S 1  enables both € and R m  to be 
Obtained from Equation 7.14A or B and if both S 1  and S2  can be measured 
then a 1  can be found from Equation 7.14D and the form of the potential 
thereby subjected to a test. The product € 2Rm  is obtained with greater 
accuracy than € or Rm  individually and can provide a very useful constraint 
in analysing other data (e.g. differential cross-section). 

It should be noted that the above interpretation of glory oscillations has 
--not required absolute measurements of the total cross-section - a con-
siderable advantage in view of the experimental difficulties in obtaining 
absolute scattering data. - 

A typical BOB plot from Rothe's work (E. W. Rothe and R. K. B. Helbing, 
1968) is shown in Fig. 7.5, where some data from alkali systems are plotted. 
The final confirmatory stage of the analysis is shown back in Fig. 7.4 where 
the observed data is compared with the results of a forward calculation using 
the derived potential parameters and the effect of the thermal motion of the 
target molecules on the total cross-section measurements is illustrated. 
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Table 7.2 a 1  parameter for various curvatures K and potentials. The three 
potentials are defined in Equations 7.17, 7.18, and 7.19. (Reproduced from 
R. B. Bernstein and T. J. P. O'Brien, 1965). 

potential 1 

a 1  

potential 2 potential 3 

48 0.47000 0.47421 0.45209. 
60 0.44113 0.44432 0.43063 
72 0.42156 0.42156 0.41462 
84 0.40727 0.40338 0.40232 
96 0.39630 0.38838 0.39257 

108 0.38757 0.37568 0.38465 
120 0.38043 0.36474 0.37808 
132 0.37446 0.35515, 0.37253 
144 0.36938 0.34666 0.36776 

The interpretation of the velocity dependence of 	for the scattering of 

atoms is now quite well understood. 

• (ii) Measurement of the total cross-section 

The technique for determining total cross-sections by measuring the 
attenuation of a narrow primary beam by a target gas has already been 

described. The expression: 

No =-nutot(01 (720) 

(where I is the attenuated beam flux, I, the primary beam flux, nl the 

number density times path length of the target gas) defines the observed total 
cross-section. If the velocity is low enough, or if by other arguments we know 
that inelastic or reactive processes make a relatively small contribution, at o t 

can be equated to the total elastic cross-section. If non-elastic channels are 

important, total cross-section measurements are still informative, but their 

analysis is reserved until Chapter 8. 
Difficulties arise with the measurement of all the obser.ables in Equation 

7.20. Firstly, the angular resolution must be sufficient to distinguith between 
scattered and unscattered material at angles outside the forward diffraction 
cone. Secondly, the spread of relative velocity between the primary and 
target molecules must be small enough to avoid blurring any of the structure 

in the velocity dependence of Ut0t(U). Finally, if absolute total cross-sections 

are to be measured, the target density and length must be known. 
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Angular resolution 

If the true quantum total cross-section is to be measured, the angular 
resolution of the apparatus must be sufficient for the error 60 (calculated 
from Equation 3.14) to be small. Since this error estimation involves an 
integration over 0(x), information which is unlikely to be available in 
advance, some approximate treatment is needed. Fortunately, a(x) is a 
steeply falling function of 0 so that a small angle approximation to 0(x) is 
sufficient. Thus, substitution of Equation 6.100 into Equation 3.14 will 
enable the apparatus resolution to be determined. 

To proceed further, we define an apparatus dependent angle A such that all 
deflections greater than ( in the CM system miss the detector, while all those 
with x <j3 are collected with unit efficiency. Using Equation 6.100 in its 
exponential form, the fractional error in the total cross-section is: 

6o/ototfe_x2xdx/ eXXdX 

where 

a k2  o 0 /(8ir) ko(0)'/2/2 

Integrating we find: 

S0Ia 	aj32  

so, for good precision in the total cross-section measurement, 

1 	 X 
CM < 	(1r/att)12  — 	 (7.21) 

For light atoms at thermal speeds I3CM is <O.5° 
The methods of Chapter 2 can now be used to transform 0 into the LAB 

system for particular cases. 

Calculations of the resolution required with a more realistic apparatus 
function have been made (R. K. B. Helbing, 1966; F. von Busch, 1966.). For 
an apparatus with a beam and detector of circular cross-section, Helbing 
found: 

- 	 0aLB 	 (7.22) 

while for tall narrow beams von Busch calculated: 

OaO. 1 I3LAB, 	 (7.23) 
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where in both cases O is the angular half width of the apparent beam profile. 
The improvement in resolution between tall rectangular and circular beam 

geometry is due to out-of-plane scattering. In the case of circular geometry, a 
much narrower angular range can enter the detector via - out-of-plane 

deflections (see Fig. 3.3 of Chapter 3). The resolution required at thermal 
energies is therefore typically between 1 and 10 minutes of arc. 

Velocity resolution 

The velocity resolution required to resolve specific structure in o(v) can be 

estimated by a forward calculation using guesses of the potential parameters, 
e.g. Equation 7.13 can be used for the resolution needed for glory 

undulations. 
In general, the attainable resolution is not limited by that of the primary 

beam and its velocity selector, but by the motion of the target molecules. 
Averaging arising from this motion not only limits the velocity resolution, 
obscuring, for example, features with a very narrow energy width such as 
resonances, but also produces a systematic deviation between the measured 

and true total cross-section. - 
There are two configurations of the total cross-section experiment of 

interest. In the first, target molecules are contained in a scattering chamber 
and have a Maxwellian distribution of velocities in random directions. The 
velocity averaging can only be minimized by operating the chamber at as low 
a temperature as condensation will permit. In the second configuration the 
target is a cross-beam. If this is well collimated, the velocity averaging 
introduced can be very small. The use of nozzle cross-beams of high Mach 

number is particularly attractive here. 

For a relative velocity w(= I v 1  - v2  I), the probability of a collision in a 

length 1 in passing through the target is n 2 crt0t (w)w1/vi and the attenuation 

of the primary beam from its initial value 10  is: 

1(w) 	—n 2 otot(w)w1/v, 	 (7.24) - =e 
10(W) 

The measured attenuation is the average of I(w)/I o (w) over the relative 

velocity distribution f(w). If a mean total cross-section for a given incident 

velocity v 1  is defmed: 

a0(vi ) = J a0t(w)f(w- dw, 	 (7.25) 
0 
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then the measured attenuation is given to a good approximation 
(/.J/Io <O.1)by: 

e2atot(oi)1 	 (7.26) 
Io(Vi) 

Appropriate distributions f(w) are readily worked out for the important case 
of two crossed effusive beams, when the distribution is quite sharp (see 
Equation 1.7) and for a monoenergetic beam passing through a thermal 
scattering gas, when the distribution in w is somewhat sharper than the 
Maxweffian distribution appropriate to the temperature of the scattering gas. 

- . . .• The correction arising from Equation 7.25 is fairly small if the most 
probable velocity in the chamber is less than a. third that of the primary 
beam. An approximate relation. for u(v) can then be used, the Mott and 

	

: 	Massey based result: 

a(w)/v 1 ) (V j /W) 2 /(S _') 	 (7.27) 

usually being adequate. The correction factors calculated from Equations 
- .715 and 7.27 for an unselected secondary beam and for a scattering chamber 

have been tabulated for a range of s values and target temperatures by 
K. Berkling et al., 1962. 

Measurement of path length and target density 

If the absolute total cross-section is to be measured, the number of scattering 
molecules in the target must be known. Absolute cross-sections are of 

.;  particular value in determining C6  coefficients but these depend on a high 
power of U60t so that accurate cross-section measurements are required. If a 
crossed-beam configuration is used, the absolute density cannot at'present be 
obtained with sufficient accuracy because the absolute efficiency of beam 

• detectors is not reliably known. Absolute cross-section measurements have 
therefore been made with the scattering chamber configuration despite the 
lower velocity resolution that results. The pressure in the target gas 
chamber is adjusted to yield about 10-20 per cent attenuation, a level at 

.•which multiple collisions are rare. Errors arising from molecules deflected by 
a small angle at their first coffision but arriving at the detector by a second 

• bounce are thus minimized. Unfortunately, pressure measurements in the 
necessary range (--'10 Torr) are difficult. Indeed, in much of the early work 
total cross-sections —30 per cent too high were reported due to a systematic 
error in measurements with McLeod gauges (E. W. Rothe, 1964, and with 
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R. H. Neynaber, 1965). More recently, diaphragm manometers have been used 

and appear to yield good accuracy. 
In an alternative approach (R. J. Cross et al., 1966) a monitor molecular 

beam passing orthogonally through the scattering chamber has been used to 
measure the pressure. In this way a series of cross-sections can be measured 
relative to the monitor/target particle cross-section. Errors can also arise in 
measuring the path length through the target. Since target gas will flow out of 
the scattering chamber through the entrance and exit slots, the effective path 
length will be larger than the chamber dimension. These end effects can be 
compensated for by a series of measurements with differing chamber lengths. 

7.4 Apparatus and results - total cross-sections 

We now consider a few experiments which will exemplify the technique and 
the results obtainable. The apparatus used by E. W. Rothe and R. K. B. 
Helbing (1968) is shown in Fig. 7.7. This was designed to measure 
cross-sections as a function of velocity of alkali atoms scattered from a 
variety of partners. Since absolute cross-sections were not measured a crossed 
beam configuration was used to minimize the relative velocity spread. The 
apparatus used fairly conventional beam sources and a hot wire detector. The 
modulation and data collection was particularly interesting in the efforts 
made to minimize noise arising from fluctuations in the beam intensities. The 
primary velocity selected alkali beam was modulated at 10 Hz while the 
cross-beam was modulated at 17 Hz. Two lock-in amplifiers, one tuned to 
each frequency, then process the signal from the hot wire detector. The 

112cm 

Vacuum 
	 Vacuum 

wall 
	 wall 

Fig. 7.7 Apparatus for total cross-section measurements with a primary 
alkali beam. Reproduced from E. W. Rothe and R. K. B. Helbing, 1968. 
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10 Hz signal 110  is proportional to the unattenuated primaiy beam and the 
17 Hz signal (1 ) to the attenuated signal. Thus for small attenuation&: 

10 	
110 cxfl2at0tl 	 (7.28) 

The ratio of the output of the two detectors is proportional to the 
cross-section. Fluctuations in the density of the target molecules were 
liminated by cross-correlation using an ion gauge as a density detector to 

monitor the cross-beam. Potential parameters were obtained for a wide range 
of diatomics and hydro- and fluorocarbons. Typical atom impact spec&a are 
thown in Fig. 7.8. (E. W. Rothe and R. K. B. Helbing, 1969). Particularly 
interesting was the apparent quenching of the glory undulations (a topic also 
investigated by P. R. LeBreton and H. L. Kramer (1967)). The explanation of 
these unexpectedly small (when compared with atom-atom impact spectra) 
oscillations in the cross-section has been sought in four directions; the shape 
of the potential, the effect of vibrational motion on the elastic scattering, the 
effect of angle dependent intermolecular forces on the elastic scattering or 
the effect of rotationally inelastic collisions. For most of the systems studied, 
a possible fifth cause - chemical reaction (see Section 8.4) - can be 
excluded. 

In purely elastic scattering, the amplitude of the glory oscillations depends 
inversely on the curvature of the phase shift function ( 2)i(1)1a12)  at its 
maximum. This, in turn, is loosely related to the width of the potential bowl; 
potentials with broad minima give rise to large amplitude oscillations in the 
total cross-section. Weak oscillations may therefore arise directly from rather 
narrow potential wells. However, the data obtained by Rothe for a wide range 
of fluorocarbons (Fig. 7.9) that might be expected to have rather similar 
potentials suggests that in this case this is not the origin of the effect. Weak 
oscillations were found to correlate with anistropic targets. The explanation 
then, is that scattering takes place from a range of potentials, each with a 
slightly different gloiy spacing, which results in a blurring of the overall 
pattern. This hypothesis requires that tne molecule remains essentially 
stationary during the collision. The third possible explanation is that low 
frequency vibration of the target (in particular the breathing modes of the 
more nearly spherical molecules) can lead to a change in polarisability and 
hence in C6 during the collision. This, in turn, leads to a range of phase shifts 
of the forward scattered amplitude (if the vibrational period is appreciably 
longer than the lifetime of the collision) and hence to a partial quenching of 
the glory pattern. This process is now thought to be less important (P. R. 
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Fig. 7.9 Atom impact spectra for Li colliding with 
a series of hydro- and fluorocarbons. There is a 
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potential. The dipole moments of these molecules, 
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relatively small (E. W. Rothe and R. K. B. Helbing, 
1969.) 
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LeBreton and H. L. Kramer, 1969 and R. K. B. Helbing, 1969) than the 
potential anisotropy. Rotationally inelastic collisions on the forward glory 
trajectory can also reduce the amplitude of f(0) and hence damp its 
interference structure with the outer (entirely elastic) branch. This last effect 
is undoubtedly operating in some systems, but is difficult to disentangle from 
the effect of the anisotropy in the potential because the larger the anisotropy 
the more likely is rotational energy transfer. - 

Calculations by R. B. Bernstein and R. E. Olsen (1968) on the degree of 
damping of the glory structure to be expected from amsotropic potentials 

(target stationary during the collision) show that the observations in some 
cases can be completely accounted for. Thus, starting with a potential of the 
form 

V(R, 0) = C1  2R' 2  [1 + b 1 P1 (cosO) + b2 P2 (cos0)] 

—C 6 R 6  [1 +a2P2(cosO)], (7.29) 

and delming the anisotropy parameter a as: 

a= 2a2  —b 2 , 	 (7.30) 

they obtain as a first approximation (for E*>  1) 

I 	4.45 x 10  (2P1m)a21l --] o) 	(7.31) 
u0 	 \h2E* 	[ 	E" 

where u0  is the amplitude of the undamped glory oscillations (i.e. calculated 
for the potential with a 2 , b 1  and b 2  zero), u is the observed amplitude, 
E* = E/e and f(j) depends on the rotational state of the target and approaches 1 

rapidly as / increases. Applying Equation 7.31 to Rothe and Helbing's data 

on LÀ scattered from the hydrogen halides, values of I a I 1.1 were found. 
This analysis is, of course, sensitive not only to the resolution of the 
experiment (and poor resolution can easily produce apparent quenching) but 
also to the values of e and R m  used in calculating the unperturbed amplitude 
u0 -. The quenching of total cross-section undulations is thus not a very 
reliable way of measuring anisotropy in the intermolecular potential. 

Another apparatus for total cross-section measurement, this time for 
non-alkali species, is shown in Fig. 7.10 (M. G. Dondi, 1969) and has been 
used to measure the velocity dependence of Ut0t for He 4  /He4  scattering. The 

primary beam source is a nozzle operating at 77 K and a stagnation pressure 
of.  3 torr. The primary beam is velocity selected with resolution 1v/v = 5 per 
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Liquid He 
	

Gas inlet 	Liquid N 2  

Fig. 7.10 Apparatus for total cross-section measurements used 
for He + He. Reproduced from M. G. Dondi, 1969. 

cent. The scattering chamber is maintained at 2 K to minimize velocity 
averaging. The importance of this low ambient temperature can be seen from 
Fig. 7.11 where the effect of different scattering chamber temperatures on 
the resolution in Ut0t is shown; above 10 K the undulations are not resolved. 
The detector is a sensitive bolometer which respond§ to the kinetic energy of 
impinging beam molecules (M. Cavallini, 1967) and detects a minimum flux 

of 2 x 108  molecules s. The results of this experiment are shown in 

Fig. 7.12. 
The structure observed in a(u) is of particular interest since it does not 

arise from the normal glory region of stationary phase, but from the identical 
nature of the particles. Particles scattered through x will be indistinguishable 
from  those scattered through (ir—x) from the other beam and will therefore 

mutually interfere. The total cross-section has been found in Section 6.15 to 
be: 

Utot 	 (21 + 1)(1 - cos 27(l)) + 	(21 + l)(_l)'(l - cos 21(1))} 	(7.3 = 



U 

Velocity v1 -(m 5-1 ) 

Fig. 7.11 Effect of scattering chamber temperature on observed total 
crOss-section for He 4  + He4  (calculated for U (12:6) potential Rm = 3.0 A, 
€ = 1.4 x 10' 5  erg). Reproduced from M. G. Dondi, 1969. 

0 

v (rns) 

Fig. 7.12 ot(v) for He4  + He4 . The very large amplitude glory 
oscillation is characteristic of identical boson scattering when only 
the S wave contributes. The full curve is calculated from a U (12:6) 
potential that gives the best fit. (M. G. Dondi, 1969.) 
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putting (—i' = cos lit yields: 

atot 
- 	 1 	(21+l)(l—cos2(0) 

k 2  1 
+ 	(21+1)cos1n— 	(21+1)cos(217(1)_119) (7.33) 

Using the semi-classical approximation we may expect extrema in the total 
cross-section whenever any of the terms in Equation 7.33 are stationary. This 
occurs when - 

	

(I) a77( l)  =0; (II) a77(l) 	 (7.34)
al  

Of these, (I) arises from the first term in Equation 7.33 and gives rise to the 
normal glory oscillations in tOt;  (II) arises from the third term in Equation 
7.33 and represents back scattering of the main beam particle through it, 

and hence forward scattering of the second particle. If the negative 
deflection due to the attractive branch of the potential does not exceed —ir, 
contribution (II) comes solely from the S-wave scattering (i.e. b = 0). The 
oscillations in 0tot  arising from this term thus correspond to 770 passing 
through 7r/2, it etc. From this structure we thus obtain additional information 
compared with that from the normal glories in that not only is the velocity 
at which the phase of the forward scattered amplitude passes through 
multiples of 7r/2 known, but also that this refers to the 1 = 0 partial wave 
contribution. The authors also show that the S-wave phase shift is almost 
entirely dependent on the potential range parameter. Thus, for a L-J potential 
they determine R m  directly. 

It is one of the advantages of the crossed beam technique that a very wide 
- - - 'temperature' range is experimentally accessible. Measurements of total 

cross-sections at superthermal energies in excess of 10 K have been made by 
several groups. Both M. Hollstein and H. Pauly (1967) and R. J. Cross and 
C. J. Malerich (1968) have used charge exchange alkali atom sources to 
measure 0tot  for alkali atom/rare gas systems. In their energy range of 
6 eV-1000 eV the transition occurs betwçen attractive behaviour (0(u) 
u _2/5)  and the slower dependence characteristic of the repulsive potential. In 
the apparatus by Pauly, both the generation of the parent ion beam and the 
neutral alkali atom detection are by surface ionization on tungsten. The 
detector is run 'cold' to reduce noise without impairing efficiency at these 
high energies. Some typical results for K, Na/gas systems are shown in Fig. 7.13. 
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Fig. 7.13 Total cross-sections for alkali metals + rare gases 
in the superthermal collision range (M. Hollstein and H. 
Pauly, 1967). The transition between a total crois-section 
dominated by the attractive part of the potential and the 
repulsive part is seen at hV/2ER m  2 (see Equation 7.7) 
and the first glory maximum (N = 1) is also visible. 
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By grafting results of experiments at this energy onto the thermal data, a 
potential valid over a much larger energy range can be established. It has 
become clear that the two parameter L.J form is not adequate to cover this 
energy range and that potentials- with more parameters are required 
(C. Schlier et al., 1968). 

7.5 Elastic differential cross-sections 

(i) Interpretation 

Fig. 7.2 gave some idea of the structure available in measurements of the 
differential cross-section. The calculation was, in fact, for potassium scattered 
from a heavy partner (1 2 ). The results were given in the laboratory reference 
system and ideal resolution was assumed. Clearly, considerable information 
about the intermolecular potential can be obtained from data with this 
amount of structure provided that the angular resolution is good enough - 
0.20  (LAB) would be adequate for most potentials at thermal energies. 

Once again interpretation follows the algorithm already suggested, namely 
estimation of parameters, identification and interpretation of key features, 
statistical fitting between observations and forward apparatus averaged 
calculations from a trial potential. These key features are, in order of 
increasing resolution necessary for their observation, 

The low resolution envelope of log 0(x) versus  x plots, yielding some 
indication of the power law of the potential. 
The location of the rainbow maximum, providing a good measure of the 
potential well. depth. 
Location and spacing of supernumerary rainbow maxima. The first of 
these yields information on the potential range and subsequent peaks 
give some evidence as to the curvature of the potential near its 
minimum. 
The spacing of the high frequency interference oscillations, from which 

0LJ can be extracted with only an approximate knowledge of e. 

It has already been shown that, under classical (Equation 2.32) or 
semi-classical (Equation 6.132) conditions the major contribution to u(x) is 
given by: 

2/s I(s— 1) 

E 
c5 ) 	 (7.35) 
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By grafting results of experiments at this energy onto the thermal data, a 
potential valid over a much larger energy range can be established. It has 
become clear that the two parameter L-J form is not adequate to cover this 
energy range and that potentials with more parameters are required 
(C. Schlier et al., 1968). 

7.5 Elastic differential cross-sections 

(i) Interpretation 

Fig. 7.2 gave some idea of the structure available in measurements of the 
differential cross-section. The calculation was, in fact, for potassium scattered 
from a heavy partner (1 2 ). The results were given in the laboratory reference 
system and ideal resolution was assumed. Clearly, considerable information 
about the intermolecular potential can be obtained from data with this 
amount of structure provided that the angular resolution is good enough - 
0.2°  (LAB) would be adequate for most potentials at thermal energies. 

Once again interpretation follows the algorithm already suggested, namely 
estimation of parameters, identification and interpretation -of key features, 
statistical fitting between observations and• forward apparatus averaged 
calculations from a trial potential. These key features are, in order of 
increasing resolution necessary for their observation, 

The low resolution envelope of log a(x)  versus  x plots, yielding some 
indication of the power law of the potential. 
The location of the rainbow maximum, providing a good measure of the 
potential well- depth. 
Location and spacing of supernumerary rainbow maxima. The first of 
these yields information on the potential range and subsequent peaks 
give some evidence as to the curvature of the potential near its 
minimum. 	 - 
The spacing of the high frequency interference oscillations, from which 

0L1 can be extracted with only an approximate knowledge of e. 

It has already been shown that, under classical (Equation 2.32) or 
semi-classical (Equation 6.132) conditions the major contribution to a(x) is 
given by: 

((S 
- 1) 2/s 

E c5) 	X2- 	 (7.35) 
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Fig. 7.13 Total cross-sections for alkali metals + rare gases 	-. 
in the superthermal collision range (M. Hollstein and H. 
Pauly, 1967). The transition between a total cross-section 
dominated by the attractive part of the potential and the 
repulsive part is seen at hL'I2ER m  2 (see Equation 7.7) 
and the first glory maximum (N = 1) is also visible. 



Elastic Scattering 
	 271. 

Thus a log plot of low resolution differential cross-section (in which the 
quantum interference structure is not resolved) against angle will yield a line 
with gradient —(2s + 2)/s at angles smaller than the rainbow. In Fig. 7.2 a 
line drawn through the mean of the oscillations in the. region 1 0 -80  of the 
plot a(0). 0 7 /3  versus 0 is approximately horizontal in accord with these 
calculations and so verifies the 6 power attractive term used in the forward 
computations. 

Quantum mechanically the maxim in the differential cross-section occurs 
at slightly narrower angles than the classical rainbow. To a good approxi-
mation- 

x rainbow = Xmax + 0.772 (Xmox - Xfirst mm), 	 (7.36) 

where Xmax is the rainbow maximum in the differential cross-section and 

Xmin is the minimum between Xmax  and the first supernumerary bow. 
The semi-classical interpretation of the jainbow and of the supernumerary 

bows has already been discussed in Chapter 6. Their most important feature in 
determining elastic potentials is that the rainbow location, is largely 
dependent only on the reduced energy and but weakly on the length 
parameter in the potential. This can be seen in Fig. 7.14 where the location of 
the rainbow maximum is plotted against the reduced collision energy. With 
no knowledge at all of A*  (which contains the length parameter a) e can be 
determined to ±10 per cent. Calculations for a range of different potentials 
forms have shown that this is true for a wide range of potentials so that a 
measurement of Xmax  yields a value of the well depth to 10 per cent or 15 
per cent directly irrespective of potential form or other parameters. If a 
upemumerary bow can be observed as well, information as to the potential 

range can be obtained. Similarly, additional bows can be interpreted to yield 
potential curvatures etc. With additional information of this kind an iterative 
r can be used to refine the initial estimate of e. As an example consider 
he scattering in Fig. 7.2. 

O max: 	' 	 = 10.20  lab = 11.90 centre of mass 

o 1st supernumerary bow = 5.2 0  lab = 6.040  centre of mass 

Collision energy 	= 1.9 x 10_13  ergs. 

From Fig. 7.14. Xmax = 11.9 0  yields a first estimate for E/e of 7.2-9.2. 
From Fig. 7.15 we can relate the angular spacing A X  between the two bows 

to A*  thus finding for E/e = 8 and L = 5.9 °  that A*  0.078. Returning to.. 
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Fig. 7.14 Angle of rainbow, maximum versus reduced impact 
energy for U (12:6) potential (R. J. Munn and F. J. Smith, 1966). 
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Fig. 7.14 with this value of A 5  gives a revised value for E/e of 7.8. Finally, A5  

may be corrected using Fig. 7.16 where A 5  and E/e are related for various 
values of ix. We finally obtain estimates for the potential parameters of 
E/e = 7.8 and A5  0.083, compared with the values 7.85 and 0.0855 used in 
the calculation of Fig. 7.2. Similar schemes can be set up to produce 
estimates of the potential function curvature from observations of additional 
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Fig. 7.15 Angle between rainbow -maximum and secondary 
rainbow maximum versus A 5 , Bohr parameter, for several 
reduced impact energies (U (12:6) potential). (R. J. Munn 
and F. J. Smith, 1966). 

supernumerary bows. However, it is probably preferable to begin more 
detailed fitting computations at this stage together with the exploration of 
different potential forms. 

The importance of operating in the optimum energy range can be 
appreciated from Fig. 7.14 or from the underlying relationship ,.E5  

const. If there is an error AX in measuring the position of the rainbow and 
E in the relative energy, there will be an error 

= x/x + AEIE 

in the derived well depth. For an apparatus of normal resolution, a rainbow in 

the region 1 5 ° -60°  is perhaps optimum. 
The spacing of the highest frequency structure is primarily dependent on 

the range a of the potential. If this can be precisely located, e.g. by a.marked 

change in gradient of V(R) at R = a, we can define a partial wave 1* such that 

1 5h= 4uva 
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Fig. 7.16 Relation between A*  (and hence a) and the 
reduced energy, for several rainbow maxima to 1st 
supernumerary angular spacings. 

The angular frequency for scattering from this edge (see Section 6.13) will 
thenbe:  

IX1T/l*, 	 . 	 (7.37) 

so that a can be determined directly. For smoothly varying potentials, e.g. ol 
the L.J form, the parameter a is less easily defined, but will clearly be not toc 
different from a. For these potentials the high frequency structure arise 
from the intetference between the inner two branches of (b) that lead tc 
deflections of opposite sign. The interference spacing is given by (see Sectior 
6.10) 

/.X 21r/[l2 +13 ], 	 (-7.38; 

where 12 and 13  satisfy I X(12) i-i j X( 1 ) I = Xobs. 12 and 13  converge at X = C 

and for small angles 

IT 

	

27r/[ka(b' + b')] 	--, 	 (7.39) 
kb 0  

where bt(= bo b) is the reduced impact parameter leading to the forwar 



Elastic Scattering 	 275 

glory. Then, using the fact that Rn',  the reduced distance of closest approach 
on the forward glory trajectory is only a slowly varying function of E*  and 

also that V(R 0 ) 0.6€ for an R 6  potential,we obtain: 

I/I 	 (7.40) 

viere A*  is the de Boer parameter. The basic dependence of ex on ULJ for 

9*> 1 is apparent and Equation 7.40 enables a preliminary estimate of o to 
be made. 

A more rigorous analysis using the peak locations has been made by R. E. 
Olsen, 1968. Bernstein has shown that for x <30°  and inside the rainbow the 

scattered intensity I(x) can be written: 

I(x)=I1 (x){l +y(>)2  +2y(x)cosy(x)}, 	(7.41) 

where I is the scattered intensity contributed by the outermost branch of 
the deflection function. The peaks in I(x)  are then determined by the 

periodiciiies of (x)  and cos y(x): 

½ [ 3 (x)I 
(x) 2 

I

12

(x)  	
cos (12 3X - ir/4) 	 (7.42) 

and 

7(x) = 2i(l 1  ) + I t x  n/2 	 (7.43) 

y()2  is associated '.vith the forward glory contibution and the second term in 

Equation 7.41, y(x).cos i(x), ariseS from the interference between the 
forward glory and the outermost branch centered at l. There are thus three 
wavelengths of oscillation possible in the combined scattered amplitude, 

-AXI:23 21r/ 112 3 ± I I 	 (7.44) 

resulting from the third term in Equation 7.41 and a structure of smaller 

amplitude having 1 X2 3 = 7n123  resulting from the seëond term in Equation 

7.41 and already discussed in Equations 7.38-7.40. Olson (1968) and 
Bernstein have suggested that the finite apparatus resolution will erase the 
highest frequency. structure, leaving the highest  Observed perioditicy to be 

X2 3. For a typical potential and angles of deflection at thermal energies 
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• 	100, 11 and 123 might be -'600 and 200 respectively sothat 
Xi :23/X2 	½. These authors found that for the Li-Hg system a plot of 

- Xr1  versus (N+ 4)_1, where N labels successive maxima and minima, gave a 
- 	good linear plot and the slope was equated to 12 3. Hence from scans at several 

- energies, a plot of (123 + ½)/k versus E' can be constructed, in the same way 
that the BOB plots of 2  3 1k versus 	were used. 

The curvature of these lines again analogously, can be written as: 

(12 3  +½)/kRrn =Bo (E*)+B 1 E 	_B 2 E* 2 	(7.45) 

- 	where B0  depends upon the curvature of the potential and B 1  = 0.3530 and 
V 	B2=O.1488. Tables of B0  for the Buckingham Corner potential have been 

• given - by R. E. Olsen, 1968, so that these oscillations may be interpreted 
direcily in terms of this potential. 

Measurement of differential cross-sections 

The number of particles per second reaching a small detector a distance R 
away fromthe scattering centre in a direction (0, )is (see Equation 3.4) 

	

S(0 ) = -4 .i- (-_) 
!iia 	(scattering) I 

	- v2  a(X ) 	(7.46) R 	0,4 0102 	volume 

where I j  and 12 are the fluxes of beam particles with velocities 01 and 02, 
a(x, ) is the CM differential cross-section and J(, /0, (D) the Jacobian for the 
CM - -LAB transformation. 

In general, to make the transition S(0, 1)) a(x, ) it is necessary to either 
average or unfold the results with respect to the.distribution in magnitude 

V 

	

	and direction of the relative velocity v + 02, which is mainly felt through 
its influence on the co-ordinate transformation and on the Jacobian. The 

- V 

 spread in velocity of the unselected cross-beamis usually the most important 
• agent in blurring the scattering pattern, though the angular spread of 02 can 

be important for slow heavy target molecules. 
SomeV design criteria associated with apparatus resolution have already 

been discussed in Chapter 3. The ideal design procedure is to make a forward 
calculation from an assumed potential of roughly the right form through full 
apparatus averaging to S(0, (D) via Equation 7.46 and to adjust the 
operating conditions so that enough structure is preserved in S(0, (D) to allow 
a good flt to be made to the potential. 

V 

In practice, an experiment in which the supernumerary oscillations are 
- resolved is always worthwhile and we can estimate the relative velocity 
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resolution LIv needed to preserve this structure. In the CM system, if we 
require that A v must be sufficiently small for the rainbow peak position to 
shift by less than one half the supernumerary spacing, we find from Fig. 7.14 
that the reduced energy must range between 6.4 and 9.4, i.e. a 15 per cent 
spread in the relative velocity would just permit the resolution of the rainbow 
and first supernumerary. - 

The resolution of the higher frequency oscillations sets a much more 
severe limit on the velocity spread permissible. From Equation 739 we see 

that their period, is inversely proportional to k and hence to the relative 

velocity. Thus the acceptable spread in velocity ,.v if successive maxima and 
minima are not to overlap is: 

Lv/v - ( kax)'; - 	 (7.47) 
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Fig. 7.17 Plot of reciprocal of interference extrema locations versus 
(N + '%) where N is the index number of extrema. The slope of the 
plot at each energy is clo where 10  is the 1 value of the forward glory. 
The example illustrated is for Li—Hg and for such a system with small 
reduced mass 10 is typically '50, making the high frequency structure 
easy to resolve. (From R. E. Olson, 1968.) 
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Fig. 7.18 Apparatus for studying spin dependence of alkali alkalicollisions. 
(D. E. Pritchard et al., 1969.) 

Typically a velocity resolution 10 per cent is required, together with an 
angular resolution 'Ax/2, i.e. 0.2 0 . The resolution of this structure 
becofies easier at small angles 

Because of the important contribution to the resolution made by the 
cross-beam velocity spread, it is normal to use the heavier species in this beam 
and to operate the source at the lowest temperature possible. Besides 
minimising the velocity spread, the loss of angular resolution associated with 
the LAB -+ CM transformation (which generally results in x being greater than 
0) is also reduced. Even with the optimum configuration of masses, using a 
thermal effusivecross-beam can frequently result in an uncertainty of 0.5 0  in 
the CM angle of deflection. A further reduction in the effect of the 
cross-beam velocity spread especially at small angles of scattering can be 
achieved by firing the cross-beam in a plane perpendicular to the plane of the 
primaiy beam and detector motion (E. F. Greene et al., 1969). 

7.6 Apparatus and results - differential cross-sections 

Once again we propose to discuss only a few experiments to illustrate the 
technique and its present capabilities. 

Because of the alleviated detection problem, alkali scattering experiments 
have seen the most ambitious applications of state and velocity filters to 
define the quantum channel of the collision. In the experiments of D. E. 
Pritchard and F. Y. Chu, 1970, the scattering of unlike alkali atoms was 
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studied. Alkali atoms interact by two potentials depending upon their overall 
spin state, triplet or singlet, the two potentials being very different. In 
unpolarized beams, particles are incident in each pair state with a statistical 
weight of 3:1 (:' ). The particles may then scatter with or without an 
'exchange of spin (see Section 6.17). To isolate the singlet and triplet 
potentials and to study the spin flipping process itself, two spin state selectors 
are required. The configuration used by Pritchard and Chu is shown in Fig. 
7.18. The primary beam is spin selected by a two wire field magnet and then 
crosses a chopped unpolarized Na beam. The scattered K is velocity selected 
and Imally spin selected again. The source and detector can be arranged to 
transmit and receive either spin state. The subsequent detection is of the 
modulated ion counting type. Differential crosssections for spin exchange, 
Oexc h(X) and for non-exchange (i.e. direct scattering), Udjr e c t(X), were 
measured. These cross-sections are related to the scattered amplitudes due to 
the singlet,f1 (x), and triplet,f3 (x), potentials by 

Cexch(X)'/4 Ifi(x)f3(x) 1 2 , 	 (7.48) 

and 

Oexch(X) + Odirec t(X) = Usum  (x) = '/ I f (x) 2 + 3/4 I f (x) 2  (7.49) 

The two potentials can thus be determined from observations of 'Jexch(X) 
and Usum (X) and in particular their difference can be found with good 
precision. Typical results obtained are shown in Figs. 7.19 and 7.20. 

The alkali metals interact with the rare gases by only one potential in each 
case, and if the collision energy is below the threshold for any electronic 
excitation no state selectors are needed to specify the exit channel. The 
greater beam intensity then available permits much higher angular and 
velocity resolution to be used. The Bonn Group (P. Barwig et al., 1966) have 
studied these systems and have resolved the quantum interference structure 
Dut to wide angles. A typical example is the Na/Xe measurements shown in 
Fig. 7.21, in which the location of all the quantum peaks can easily be seen. 
With data of this quality, the functional dependence of V(R) in the 
xperimental energy range can be unambiguously determined. The usual 
orms of the Lennard-Jones potential (n, e and a as adjustable parameters) 
iave proved inadequate under this searching examination and a series of 
potentials with five parameters have been fitted to the data (C. Schlier et al; 
Li. Buck and H. Pauly, 1968). The apparatus used is shown in Figure 7.22. 
Data with the resolution of that shown in Fig. 7.21 can now be 
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Fig.  7.19 7sum(X)  for Na—K scattering. Note the 
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	appearance- is that of typical elastic scattering. 
(D. E. Pritchard et al., 1 970a.) 

subject to a two stage inversion procedure. The deflection function is first 
constructed, using any auxiliary information on R m , Xr and the phase shift of 

•  the forward glory branch; its functional form - at this stage can still 
contain adjustable parameters equal in number to the number of resolved 
rainbow extrema and these are fixed by fitting the observed differential 
cross-section, a much - speedier process than working with adjustable para-
meters in the potential. The deflection function is then inverted by Firsov's 

- 	procedure to yield V(R) pointwise, i.e. without making any assumptions 

- 	 about its analytical form. The potential for Na/Hg in Fig. 7.23 was obtained in 
-- - - ------- this-way and clearly illustrates the inadequacy of the 	nnard-Jones potential 

in analyzing high resolution scattering. It is also observed in Li/Cs singlet state 
scattering (H. Kanes et al., 1971) that the actual potential minimum is 
broader than the Lennard-Jones form, but this may not turn out to be true of 
interatomic potentials in general (P. E. Siska, et al., 1971, or J. M. Parson et 

-  al., 1971, for the inert gases). If alkali atom scattering data is to be fitted with 
only a two parameter potential, then the (8:6) form rather than the (12:6) 
can be tried with its much smaller cuvature ( = 20.2) at the potential 
minimum. - - - 

- 	
Experiments with non-alkali partners are at a slightly less advanced stage 

due to the difficulties of detection. Advances in nozzle sources and vacuum 
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Fig. 7.20 The exchange scattering of Na from K at three energies. 
A maximum in Pex (X) is observed and occurs when the phase 
difference between the singlet and triplet scattered amplitudes at X, 
arg(f1(x)) - arg(f 3 ()()), reaches an odd multiple of ir. The first of 
these extrema is visible, with the suggestion of a higher order one in 
the. run at E0  = 6 x 10. The very good scaling of Pex (X) at 
different energies with respect to EX indicates that the outermost 
branches of the triplet and singlet deflection functions are 
dominant. (D. E. Pritchard et al., 1970.) 
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- 	 Fig. 7.21 Na—Xe scattering. The rainbow and one supernumerary bow 
are visible, together with high frequency structure of the type indexed 
in Fig. 7.17. (Taken from P. Barwig et al., 1966.) 

techniques have, however, brought rapid progress. Recently the systems: 

Ne + Ne, Ar Kr, Xe Q. M. Parson et al., 1970; P. E. Siska et al., 1970). 
Ne + Ar - (W.Williams et al., 1969; M. Cavallini et al., 1970). 
He + He 	 (M. Cavallini et al., 1970; P. E. Siska etal., 1970; 

P. Cantini et al., 1972; H. G. Bennewitz et al., 1971). 
D2  + N2 . 	 (D. H. Winicur et al., 1970; V. Aquilanti et al., 1971). 
Ar + N2 	 (R. W. Bickes and R. B. Bernstein, 1970; K. G. Anlauf 

ei al., 1971; p. Cantini et al., 1972). 
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Fig. 7.22 Scale drawing of a cross-section through a molecular beam apparatus for measuring differential 
scattering cross-sections. The important parts of the apparatus are 2 oven, 5 velocity selector, 6 monitor 
detector, 10 secondary beam oven, 12 movable detector on the rotating platform Il, 13 motor for raising and 
lowering the detector, 16 monitor detector, 4, 8, 14, and 15 are liquid nitrogen cooled surfaces. (H. Pauly and 
J. P. Toennies, 1968.) 
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2 

Fig. 7.23 Potential for the Na—Hg system determined by a 
two stage inversion of the differential cross-section. The 
various sets of points refer to a(0) data at different energies; 
the insensitivity of the derived potential to the energy of the 
scattering experiment is an important check of the validity of 
the procedure. The full line is the Lennard-Jones potential 
having the same value of e and R m . (U. Buck, 1971.) 

CC14  + iso-octane (M. J. Cardillo et aL, 1971). 
Ar + Ar 	 (J. M.Parson et al., 1972). 
He +Ar, Ne, Kr  

Ne + Kr 	 (G. D. Lempert et al., 1971). 

Ar + Kr 	 (J. W. Bredewout et al., 1971). 
He + Ne 	 (F. G. Collins and F. C. Huriburt, 1972). 

have been the subject of initial reports. Rainbow angles and quantum 
interference structure have been observed and initial estimates of potential 
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parameters have been made. The apparatus used by Y. T. Lee et al., 1969, 
employed two nozzle beams and an electron bombardment mass filter in a 
UHV chamber at < 10-10 Torr which was separated by three stages of 
differential pumping from the scattering chamber. A modulated ion counting 
scheme was employed. The apparatus is shown in Figs. 7.24 and 7.25 and 
some data for inert gas scattering obtained witha similar machine is shown in 
Fig. 1.26. Clearly several research groups now have the capability of 
producing high resolution differential cross-section data for non alkali 
systems and continuing progress can be expected. Scattering measurements of 
this kind, extended over an even wider energy range, must now be our best 
source of intermolecular potentials. 

Progress has also been made in determining potentials for excited species. 
The beam technique, in contrast to pressure broadening, is most suited to 
investigating metastãble species rather than the short lived states that can 
decay by dipole radiation to the ground state. The crossed beam scattering of 

3 S He (Grosser and, H. Haberland, 1968) and of the 3 P2  and 3 P0  states of Hg 
(E. C. D. Darwall et al., 1971) have been reported. This, too, can be expected 

to be an area of growing interest. 
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0cm 

Fig. 7.25 Side view of apparatus. (A)—electron bombardment ionizer; 
(B)—quadrupole mass filter; (C)—ion counter; (D)—isolation valve; (E)-
molecular beam source; (F)—beam flag; (G)—cold shields; (H)—to ion 
pumps; (J)—to oil diffusion pump; (K)—liquid nitrogen trap; (L)—ball 
bearing support of rotatable lid; (M)—rotatable vacuumseal; and (N)—to 
liquid nitrogen reservoir. (Y. T. Lee et al., 1970.) 

7.7 Prospects 

In this chapter we have only been able to discuss the results of a very few 
experiments, it is useful to close, therefore, with a rather broader view of the 
prospects in this field. 

It now seems that beam production and detection techniques are 
sufficiently powerful to make experiments with almost any atomic or 
molecular system feasible. Limitations to further development now arise from 
the complexity of these systems when more than one potential operates and 
the inadequacy of current state selection methods that can resolve some of 
these cases. For the interaction of polyatomic molecules, the scattering 
withOut state or molecular orientation selection will tend to be rather 
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Fig. 7.26 Differential cross-sections for scattering 
of Ne from the heavier rare gases. Two lines are 
drawn through the experimental points; the full 
curve is the low resolution cross-section calculated 
from a U (20:6) potential and the dashed curves 
the high resolution cross-sections from the same 
potentials. The high frequency structure is just 
resolved experimentally. (J. M. Parson et aL, 1970.) 

structureless and at best only average potentials will be obtainable. In 
addition, in the case of non-central forces inelastic processes become 
important and again the state analysis methods are not sufficiently developed 

to explore these. - 
In contrast, for single central potential systems very accurate data should 

now be obtainable, although the experimental effort required to collect this 
information over a wide energy range will continue to be very great. Direct 
unfolding procedures will be improved and the development of.accurate 
combining rules (H. L. Kramer and D. R. Herschbach, 1970) will be of 
especial value in extending this information to a wider range of systems. 



CHAPTER EIGHT 

Reactive Scattering 

8.1 Scope of beam techniques in investigating chemical reaction 

As already suggested in Chapter 1, the unique advantages of the scattering 
approach to studying chemical reaction arise from the ability to control the 

• impact velocity (and, less easily the incident quantum state) and to measure 
the post-collision velocities, as well as the angular scattering pattern. 
Technical difficulties have limited the informatiom obtainable about the 
internal state of the products, but this important information is in principle 
also accessible. The leverage that this very detailed information about reactive 
collisions brings to the understanding of chemical reaction is increased by the 
fact that the principle of microscopic reversibility can be applied to detailed 
cross-sections, thus extending the range of usefulness of the data into 
experimentally inaccessible regions. 

Reactive scattering experiments have as their ultimate aim the mapping of 
the potential surfaces on which reaction occurs, but preliminary analysis and 
experiments of low resolution have the more modest aims of: 

• 	(1) Classifying the type of reactive encounter, largely from the angular 
scattering pattern. 

(2) Estimating the reaction cross-section, sometimes as a function of incident 
energy. 	 - 

• 	(3) Estimating the partitioning of any energy released between relative 
translational energy of the products and their internal motion. 

Current beam techniques are most powerful when applied to simple 
reactions in which only a feW reactive channels are open. In these cases, if 
sufficiently intense beams are available, something approaching a complete 
kinematic analysis can be performed. Even relatively primitive observations of 
the angular dependence of the product flux, the minimal experiment, afford 
considerable chemical insight and permit correlation of properties (1-3) 
above with other properties of the reactants. In collisions where many 

• 	reactive channels are open, such as those at high energies, the elementary 

• 	288 
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beam technique is less useful. Some spectroscopic information of the 
products is then required and might be obtained in a separate bulb 
experiment, or perhaps eventually in a combined beam/spectroscopic system. 
These kinetic spectroscopy experiments are thus complementary to, rather 
than competitive with, scattering experiments; the interrelation of some of 
these techniques and their relations to current theoretical models is 

summarised in Fig. 8.1. 
There are three main types of scattering measurement possible with 

reactive systems. The elastic differential cross-section, a(O, E) in which the 

distribution of unchanged reactant is measured; the reactive differential 

_cross-setion, UR(O,E4E) in which some kinetic energy analysis of the 

scattered product is carried out and the total cross-section, a 0 (E) can also 

be measured. All of these can be accompanied by some internal state 

selection of reactant or product as appropriate. 
The present state of the experimental front can be judged from Table 1, in 

which is listed the more definitive beam experiments performed since 1956. 
Not all of the work of the larger groups is included, but this can be traced 
from the references given. The evolution of the field is apparent; starting with 
alkali metal reactions at thermal energies without velocity selection, the 
techniques now in use cover universal detectors, velocity selection of 
reactants and products, beams of metastable species and beam energies that 
are limited only by the chemical interest of the results. The present 
limitations of the technique must not be disguised, however. Intensity 
problems are much more severe than in elastic scattering and have so far 
limited the applications of universal detectors to unselected beams. Until very 
recently velocity selectors have only been used on either reactant or product 

beams, not on both simultaneously. The range of materials that can be 
formed into a sufficiently intense beam for differential scattering is still small, 
though most organic compounds are suitable. In particular, it has proved 

difficult to build up sufficient densities of short lived (< 10-6  s) excited 

species to carry out scattering experiments, although the high photon flux 
from lasers will doubtless provide a solution. There is still something of a gap 

in the beam energy available between 0.5 eV and 5 eV that is slowly being 
bridged by seeded beams. Finally, although vibrational excitation seems to be 
generally an important means of providing any activation energy necessary 
for reaction, very few scattering experiments have been carried out with 
vibrationally excited molecules. There is no reason to doubt, however, that all 
of these difficulties will be overcome, principally through the use of nozzle 
beams to increase source intensity and computerized data handling tech-
niques at very low signal levels. The whole field of reactive scattering has 

most recently been surveyed by J. L. Kinsey (1972). 
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(I) In the second column, the basic beam technique is taken to consist of two fixed effusive sources (or 
one replaced by a Laval nozzle), a movable hot wire detector (usually tungsten or Pt/W alloy) and no 
velocity selection or analysis. Only variants on this design are noted. 

In the second column, crR(O,u') indicates that the angle of scattering and the product velocity have 
been measured. The velocity analysed elastic differential cross-section, a(O,u') in the presence of reaction 
has received very little attention so far. 

The angular resolution is rarely given in the earlier papers. Most of the experiments are of 
intermediate to poor angular resolution, with the detector subtending 0.5_1  (LAB) at the scattering 
centre. 

Some of the measurements of aR(0) were obtained with a Pt-8%W alloy filament operated in. a 
bimodal fashion. There is now considerable doubt (see Chapter 5) whether good discrimination is 
obtained in this way between highly vibrationally excited alkali halide molecules and alkali atoms, and 
also whether the presence of unreacted halogens can alter this relative sensitivity. 

An increasing number of ion/molecule beam experiments have been carried out in which OR(O,E)  is 
measured for the ionic product. In this way, the same detailed information is obtained as in neutral 
particle scattering, but with less severe intensity problems because of the higher detection efficiency. 
Some of these results are included in table 2. 

System 	 Technique/measurements 	 Reference 

K + HBr UR(0) E. H. Taylor and 
S. Datz, 1955 

K + CH 3  I, C 2  H 5  I OR (0) Vel. selected K beam D. R. Herschbach 
et al., 1961 

K+HBr 0(0) Pt. detector for K D.Beck,E.F. 
Greene, and J. 
Ross, 1962 

D + H 2  UR (0) HD velocity estimated by time of S. Datz and E. H. 
flight. Electron bombardment det. Taylor, 1963 

K + HCI, HI a(0) Vel. selected K. Optical potential M. Ackerman et 
analysis. al., 1964 



System Technique/measurements Reference 

Cs + Br2  Vel. selected Cs. S. Datz and E. E. 
Minturn, 1964 

K + HBr u(0) Vel. analysis of KBr A. E. Grosser et 
al., 1965 

CH3L R. R. Herm, R. G. 
K + 	Br2  u (0) Magnetic deflection analysis of, KX Gordon and D. R. 

ICI Herschbach, 1964 
K 

0 
J. H. Birely and (Br2 Rb + 

2 OR(0) Vel. analysis of KBr D. R. Herschbach, 
Cs S  

1965;A.E. 
Grosser and R. B. 
Bernstein, 1964 

K + Br2  OR Electric deflection analysis of KBr, R. R. Herm and 
CsBr 	 S  D. R. Herschbach, 

Cs + HBr Trot 	1300 K (see,also C. Maltz and 1965 
D.R.Herschbach,l967) 

K+ Br2  Vel. analysis KBr. Differential J. H. Birely and 
surface det. R. Herschbach, 

0 1965 
K + CH 3 I UR(0) CH 3 I orientated by 6-pole field P. R. Brooks and 

M. Jones, 1966 
KBrt + Na -* Chemiluminescence of K* product. A M. C. Moulton 
K* + NaBr S  triple beam experiment. Angular and D. R. 

distribution of resonance radiation Herschbach, 1966 
miird 

t'J 



cS} + RbCI OR(O,V) Bimodal surface det. + Mass spec. W. B. Miller etal., 
Velocity anal, products. 1967 

K 
Rb + 	2 ( B, 

crR(0) Thermal energy range J. H. Birely et al., 
1 2 Cs) 1967 

Na + polyhalides OR tot (E) Quenching of glory undulations E. A. Gislason and 
.G. H. Kwei, 1967 

K I + TBr Cs OR(0) Radiosotope detection 
L. R. Martin and 
J. L.Kinsey, 1967 

CsCI + KI OR(0) + u(0) Preliminary results. Velocity anal. W. B. Miller et al., 
products. 1967 

(TIC! Cs + OR 
. 

Preliminary results. 
G. A. Fisk et al., 
1967 Tll 

K R.Griceand 
Rb 	+ C12  Thermal energy range P. B. Empedocles, 

Cs) 1968 

Li ~ j HHaI UR to (E) Thermal energy range 
R. K. B. Helbmg 
and E. W: Rothe, MHa12 
1968 

K + CH 3 I OR 6-1,000 eV, static gas target R. J. Cross and 
tot C. J. Maleriçh, 

1968 

N + Na N 2  vibrationally excited, n 	8. Total J. E. Mentall et 
cross-section for energy transfer al., 1967 
- N 2  + Na from emission of 
resonance radiation. 



• 	System Technique/measurements Reference 

Cs 	
+ various UR (0) Inhomogeneous magnetic field in front R. J. Gordon et 

Na 	halides 0(0) of detector al., 1968 

K 	various organic cR (0 ) Thermal energy range 	• K. R. Wilson and 
Rb .+ and inorganic D. R. Herschbach, 
Cs 	halides 

• 1968 
K 	

+ CH I / R(0) At fixedO. CH 3 I velocity and R. J. Beuhler and 
Rb orientation selected with 6-pole field R. B. Bernstein, 

1969 
Cl + Br2  etc. UR(0) Mass spec./electron bombardment Beck et al., 

detector 1968; Y. T. Lee 
et al., 1968 

Me 3  CBr 	. a(0) Pt. detector. Out of plane configuration. F. Greene et 
SiCI + K 	4  Velocity sel. K beam. al., 1969 
Hal2  
ICI 

Cs + Br2  a 0 (E) Velocity dependence of total R. K. Helbing and 
ionisation cross-section in energy range E. W. Rothe, 
1.5-16.5eV 1969 

K 	
IC1 Rb 

+ 
cYR(0) Thermal energy range G. H. Kwei and 

lBr Cs 
D. R. Herschbach, 
1969 

Na + 02 Merging beams. Energy range 5-25 eV. R. H. Neynaber 
Retarding potential curves of Na et al., 1969 
current - 



Cl 
ICI Inhomogeneous magnetic field in front D. D. Parrish and 

Li+ 	Br 2  UR(0) of detector. Oxygenated W detector. R. R. Herm, 1969 
SnCI4  
PCi 3  

Hf 	+ M RH 2 
Relative product ion abundancies. Low H. Hotop, et al., 

DJ angular resolution. Electron 1969 
bombardment source 

CH3I  
Na + Br2  f icl 

OR(0) Thermal energy range. J. H. Birely et al., 
1969 

K aJo (0) Static gas target. Sputter source of A. P. M. Baede 
Na 	+Br2  fast alkali. et al, 1969 
Li 

K + CF 3  I OR (0) Parallel and anti-parallel molecular P. R. Brooks, 
alignment. KI product? 1969 

K + 12 a(0) Small angle scattering, high resolution. A. D. Fluendy 
Velocity sel. K. et al., 1970 

Cl + Br 2  UR (0) Low resolution. Velocity analysis of C. Blais and 
product. Unselected beams. Mass spec. J. B. Cross, 1970 
analysis. 

K + RI OR(0) In and out-of-plane measurements. G. H. Kwei et al., 
Bimodal surface detection. 1970 

D + H 2  OR (°) Product velocity anal, by time of flight. J. Geddes et al., 
Mass. spec. det. 1970 

IV 



'.0 

System Technique/measurements Reference 

C 6 H 12  S  

CC!4 . 	 . 

K + SiC!4  a(0) Sputter source,0.5-12 eV. Coolribbon V.Kempter.et  al., 
SnC14  . det. Pulsed K beam. Time of flight anal.. 1970 
Cl2  . 

Br2  . 

F + D 2 	FD+ D GR(0) 	. Angular distribution of.product in T.P. Shafer et al., 
specific vibratioal states. 1970 

Rb + Br2  u (0) Rotalional state distribution of RbBr R. Grice etàl., 
product by quadrupole analyser. .1970 

K+ I HBr Velocity, analysis of scattered product: K. T. Gillen et al., 
DBr .  ... 	 . . 	 . 	 S.., 1969 	

. 

K+ NO2 . 	 Magnetic and electric deflection 	. R. R. Herm and 
, CH 3 NO2  . 	 S. analysis of product in order to elucidate D. R. Herschbach, 

structure. 	 . 	 .• 	 . 1970 
(HC1 	. aionsn Cross sections forionisation of K and K. Lacmann and 

C12  excitation to 4 2  P state. Charge transfer D. R. Herschbach, 
K+ N2 ' 	 . 	 . beam source  

CO  
NO  
02 5 

K + 12 	
. R (0 !v') Thermal energyrangi . K. T. Gillen et al., 

a(O ,v) Differential surface detection of 	. 1971 
K! and K, coupled with velocity 
selection and analysis 



K2  M, M 2  and MH signals separated by Y. T. Lee et al., 
H Rb 2  kinematic arguments M 2  from nozzle 1971 
D Csi source. 

Cs+ SF 6  Vibrational temperature of CsF M. Freund et 
measured from vibrational fine structure al., 1971 
of flop-in resonance spectrum. A fixed 
angle expt. 

Na2  Fixed angle observation of Na and K W. S. Struve et al., 
+ ~ K2 resonance radiation. Estimation of total 1971 

reaction cross-section. 

NO2  cJR(0) Magnetic state deflection as in Parrish D. D. Parrish and 
CH 3 NO2  1969 R.R.Herm,'1971 

Li+ SF 6  
Cd 4  
CH 3 I 

SF6 As in Freeman 1971. Vibrational H. G. Bennewitz 
Cs+ 

~S ]74 temp. of CsF product. et al., 1971 

K + HCI HCI vibrationally pumped with J. Odirone 
resonant laser radiation. Enhancement et al., 1971 
of reaction cross-section 

Na 
Na Inelastic back scattering, 0 > 1750 P. F. Dittner and 

K 
+ H 2 TOF analysis. S. Datz, 1971, 

K 

K + CH 3 I Integration of OR(0) in energy range M. E. Gersh and 
0.1-1 eV. R. B. Bernstein, 

1971, 1972 



System Technique/measuements Reference 

K RHaI As in Kwei, 1969. Unsaturated E. A. Entemann 
Cs J RHaI2  and aromatic halides and G. H. Kwei, 

1971 
K 
Rb 

~ CC4 
CH3I o(0) Optical potential analysis 

R. M. Harris and 
J. F. Wilson, 1971 Cs SnC14  

Na+  s02 Uexc it n (E) In 1-30 eV energy range for emission P. R. LeBreton NO2 of the Na D-line. App, as in Kempter, et al., 1971 
1970 

Cl + 12 a(0) Velocity selector in front of detector, LB. Cross and 
keeps reactants from detector surface. N. C. Blais, 1971 
Corrects Lee, 1968. 

C12 
Br2 cJR(O,U) Thermal dissociation and discharge J. D. McDonald 

D+ 12 source. et al., 1972 
IC1 
lBr 

Ba ' 2 + NO Polarization of visible emission from C. D. Jonah et al., 
Sr electronically excited MO. Single 1972 

beam/scattering gas confign, fixed 
energy. 

Br2 dR (0) Dimer source as in Lee, 1971. Differen- P. B. Foreman et 
K + 

2 
lCl tial detection of both K and KX al., 1972; J. C. 
IBr products. Whitehead et al., 
BrCN 1972 
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8.2 Reactive differential cross-sections and the LAB-CM transformation 

The procedure adopted in interpreting reactive scattering data depends upon 

the type of information e.g. a(0) CR (O,E) etc. As in elastic scattering, the 
detail available in respect to resolution and range of experimental parameters 
explored will determine whether deductive argument based on gross features 
of the scattering is used or some more quantitative but laborious fitting 
process undertaken. In the latter case, there is an important distinction 
between the reactive and elastic fields. In the latter it is now possible, in 
favourable circumstances, to deduce the potential by directly unfolding the 
data. No model potential is required. In interpreting reactive data, whether 
detailed rate constants or beam results, one must decide at the outset if 
detailed trajectory calculations with an assumed potential are appropriate, or 
whether a statistical approach is adopted. Ultimately, both approaches are 
governed by the same multi-dimensional potential surface, but at least in the 
present stage of development a model is needed, not only of the potential but 

of the type of collision. This preliminary classification into direct and 
complex collisions is of interest in itself. In one sense there is an analogy 
here with elastic scattering; if the reduced energy in an elastic scattering 
experiment is so low that orbiting and quasi-bound states are encountered, it is 
not yet possible to. unfold the potential directly, however good the 
experimental information and in some energy domains the interpretation 
would be in terms of energy levels and widths (see Section 6.14) rather than 

.the detailed shape of the potential. 
The first step in interpreting UR(0) is the transformation of the LAB 

scattering pattern into the CM system of co-ordinates. By so doing, the trivial 
dependence of the LAB results on the motion of the centre of mass of the 
colliding pair is removed and results obtained with different beam geometries 
(e.g. out of plane measurements or angles of intersection other than 90 ° ) 

should reduce to the same CM pattern (Fig. 8.2). The transformation depends 
upon the product velocity which, unlike the elastic case, cannot be deduced 
from the angle of scattering and the incident velocity. Ideally, a simultaneous 
measurement of either the product velocity or its internal energy together 

with the scattered intensity is needed. Until recently, beam intensities were 
not high enough to permit the product flux to be velocity analysed and two 

procedures were adopted to fix W. In earlier work (G. H. Kwei and D. R. 

Herschbach, 1970) the extent of out of plane scattering was used in a rough 

estimate of w' (see Fig. 8.3); if w' is small the scattering is largely confined to 

the plane of the two incident beams. When possible, it is now customary to 
use an iterative procedure to build up an acceptable centre of mass 
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Fig. 8.2 Laboratory observations either side of the main beam 
must transform into a CM differential cross-section that is sym-
metrical about x = 0, even though a(0) *o(—O). This serves to fix 
w', provided the scattered intensity at negative laboratory angles 
is not too small. 

Fig. 8.3 Observation of out-of-plane 
scattering allows w' to be assigned once 

m is located. The larger w', the more 
extensive the out-of-plane scattering. The 
Newton diagram is viewed along 0B'  with 
VA forming the horizon. 
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distribution that is uniquely consistent with all the observed scattering. The 
reasoning behind the method is as follows; in favourable circumstances the 
laboratory angles corresponding to CM scattering through x and  —x are well 
separated and w' can be adjusted until the scattering from one laboratory 
branch gives an identical CM differential cross-section to that deduced from 
the other branch, which is the required conclusion because we know that 

OR(-X) = OR(X). Thus, in the case illustrated by Fig. 8.2, W I > w, scattering 

on either side of the main beam corresponds to scattering through positive 

and negative values of x respectively. In the case w' <UCM a slow component 

in the scattered LAB signal is present due to scattering through some quite 

different CM angle, but it is usually found that aR (X) is a fairly sharply 

peaked function and the slow component is much attenuated by the smallness 
of the associated differential cross-section. However, in Fig. 8 -.4, where 

w' <w, the two LAB angles corresponding to scattering through x and  —x 
nearly overlap and laboratory measurements at any particular value of 0 

contain important contributions from both positive and negative values of X. 
It would then be difficult to obtain an unambiguous choice of w'. 

In principle, the observation of the angle of the edge effect can decide W. 
However, in the cases most suited for observing this phenomenon (W '  << w), 

I 3 

A 

Fig.8.4-Observation of scattering at 0 
does not allow w' or x to be deduced. 
Two possible choices are shown. The 
observed scattering contains important 
contributions from particles scattered 
through the CM angles X  and  X' (assum-
ing w to be the true CM final velocity). 
Contrast this with the situation in Fig. 
8.2 where only one value of x contrib-
utes at a given angle of observation. 
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one edge occurs near the cross-beam position. Furthermore, .the strong 
angular dependence of UR (x) can mask the effect by causing a rapid fall-off in 
intensity before the edge is reached. 

For any guessed value of w', the LAB-CM transformation can be 
performed either on the scattered signal or on the differential cross-section; in 
the latter case, 

(7R(XW) = . 0R( 0 V)J(_) 	 (8.1) 

where a primed velocity is that of a product. As for elastic scattering (Section 
2.4), the Jacobian for a particular exit channel can be written*  (K. T. Gillen 
etal, 1971) - 

Iv'\ 2  
JI — I=I --- 1 cosa 	 (8.2) 

'x'4V \w/ 

where a is the angle between v' and W. For strongly exothermic reactions w', 
v' > VCM and a remains close to unity for a large range of scattering angles. 
v'/w' then tends to increase with increasing CM angle of scattering and the 
general effect of the Jacobian in Equation 8.1 is to enhance the ratio 
a()1o(0) at larger CM scattering angles. 

After the transformation (Equation 8.1) to CM co-ordinates, the results 
are best displayed in a polar diagram where I() or a(x) is represented by the 
point (R,) and the radius R is proportional to the observed quantity. Ideally, 
a contour map can be built up, each contour corresponding to a quantum 
state of the product. 

An important bonus from making the LAB-CM transformation is that the 
total reaction cross-section can then be estimated in favourable circumstances 
from laboratory observations confined to the plane of the two beams. The 
key step is recognizing that in the CM frame the scattered intensity has axial 
symmetry about the relative velocity vector WAB (this is only true with 
unorientated target molecules). Exactly the same symmetry obtains in elastic 
scattering, with the difference that in reactive scattering the motion in 
individual-  collisions is not confined to a plane. This cylindrical symmetry of 
a(x,Ø) is in strong contrast to the asymmetry of o(0 ,(1) with respect to the 
plane defined by the two incident beams; the only symmetry possessed by 

* See appendix A, Chapter 2, for situations in which the cos a factor is not 
appropriate 
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the scattering in the laboratory is that a(O ,I) = o(O ,-1). Using the CM 

symmetry we can obtain the total cross-section from R(X, = 0) by 

integrating immediately over 0 and then over x so that 

0Rtot = 2ir f OR(X) sin x d 	 (8.3) 
-J o 

in which the scattered flux is integrated over the surface of a sphere 
surrounding the centre of mass of the colliding pair. Thus, we do not need to 
make any out-of-plane measurements in the laboratory if the transformation 
to CM is performed. As with elastic scattering, absolute measurements are 
difficult— even more so in view of the fact that the scattered product has to 
be detected with the same efficiency as the main beam reactant. However, the 
energy dependence of the total reaction cross-section can be obtained quite 
reliably from Equation 8.3 while the uncertainty in the absolute value may 
amount to a factor of 2. There are, unfortunately, few other methods of 
nieasuring absolute reaction cross-sections (but see Section 83), although 

methods for absolute rate constants abound. 
It was found that when the limited data on reactive scattering of alkali 

metals available in the mid 1960's was examined in this way that two types of 
behaviour could be distinguished. In those designated class I, the product was 
predominantly back scattered in the centre of mass and in class II forward 
scattered (i.e. the MX emerged in the same general laboratory direction as the 
incident alkali metal, the Newton diagram being roughly that of Fig. 8.5). A 
somewhat idealized version of these cases is illustrated in Fig. 8.6. Work in 

VK 

Fig. 	8.5 Newton 	diagram 	for 	a 	stripping 	reaction, 
K + Br2 - KBr + Br. The product KBr appears at an angle ® in the 
LAB which depends upon the energy partitioning, A E, the amount 
of energy transferred to translation of the products from the energy 
liberated. Three cases of increasing final relative kinetic energy are 
shown, leading to increased forward scattering. 



Fig: 8.6(u) Typical CMpolar 
diagram of the. reactive dif-
ferential cross-section of a 
type II reaction. 
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Fig. 8.6(i) Typical 	
a-  ( x) CM polar diagram 	 R 

of the reactive dif- 
ferential 	cross- 	 - 
section of a class I 	K 	ICH 
reaction. The KI 	• 	x 
vector is drawn pro- 	 K 
portional to the KI 
signal at X. 	- 	 - 	- - 

the last few years on a greater range of halogen containing compounds has 
produced evidence of a gradation in behaviour between these two classes even 
in the limited field of an alkali metal partner and in a sequence of reactions 
such as (R. J. Gordon et al, 1968) 

Cs/Br 2  . . /CC1 4 .. /CHC1 3  . :. /CH3 I 

the peak in the scattered product intensity moves from 00 to 1800 - (CM). 
A third and much less common type of scattering pattern (class III) has 

emerged from the work of Herschbach and his co-workers (W:B. Miller et al, 
1967;'G. -A;Fisket al, 1967; S. M. Freund et al, 1971) and is characterized 
by a CM product distribution symmetrical about 90 0 , often with strong 
peaking at 0 0  and 1800 . This behaviour has been observed in the systems 
Cs + SF6 , Cs + SF4  Cs + RbC1, Rb + CsC1, K + RbC1, Rb + KC1 and Cs + T1C1 
(Fig. 8.7), though the. LAB - CM transformation is not èompletely un-
ambiguous -yet. - Inspite of the discovery of an increasing- number of 
transitional cases that blurr this classification by means of the predominant 
angle of product - scattering, the divisions remain useful ones because they 
have given rise to three important models of chemical reaction which would 
seem to have -real - validity as limiting cases. These are the recoil model 
associated with class I behaviour, stripping associated with class II and 
complex formation - in class III. Estimates of total reaction cross-sections 
reinforce the division between class I and II behaviour in that ;  broadly, two 
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groups of values are found coinciding with these classes. The reactions of class 
I have small reaction cross-sections, barely larger than the gas kinetic 
cross-section i.e. 30 A 2 , while reactions of class II exhibit large cross-

sections, 80 A2 . Further work has produced a range of 0R tot values from 

300 A2  downwards and a good correlation has emerged in alkali metal 
reactions between the magnitude of uRtot  and the shift from forward to 

backward product scattering. 
As we have already seen, total reaction cross-sections are difficult to 

estimate accurately, but in the field of alkali metal reactions additional 
support at least for the relative reaction cross-sections in a series of reactions 
comes from the sodium flame experiments of M. Polanyi (1932) which 
indicated reaction cross-sections considerably larger than the gas kinetic 
diameter for the reaction Na/Hal 2  and of the order of the gas kinetic 

diameter for the reaction Na/CH 3  I. By following spectroscopically the decay 

of flash generated caesium atoms in 1 2  vapour Davidovits and his co-workers 
(C. C. Brodhead, et al., 1969) have found the reaction cross-section to be 

195 ± 40°  A2 , a value close to that estimated from beam studies. The 
attenuation of elastic scattering, to be discussed in Section 83, confirms that 

the total reaction cross-section for these reactions of the alkyl 'halides is 
4oA2 .  
Some simple deductions follow from the facts so 'far presented. The 

reactions of class I, characterized by back-scattering of the alkali halide 
product largely along the relative velocity vector of the incoming alkali atom 

Fig. 8.7 Typical CM polar diagram of the 
reactive differential cross-section for a type 
III reaction. Note the symmetry about 
x = 900  and compare with Fig. 8.6. 



306 	 Chemical Applications of Molecular Beam Scattering 

are of the simple recoil type. The alkali atom collides with the target in a 
nearly head-on fashion (hence the back-scattering) with an impact parameter 
not much greater than the equilibrium bond length of the K-X bond to be 
formed, the X-Y bond then breaks and the K-X bond forms as the products 
separate rapidly. The product back scattering is possibly accentuated by the 
mutual repulsion of the products. 
- The large cross-sections of class II reactions must be the result of the 

operation of either unusually strong intermolecular forces or of long range 
chemical forces. While the distinction is not a completely clear cut one, the 
two explanations might be as follows; in the first case the dispersion forces or 
other electrostatic forces draw in the approaching particles from large impact 
parameters to distances of closest approach comparable with equiibrium 
bond lengths, whereupon reaction follows. Alternatively, the intermolecular 
forces are of normal strength, but electron re-arrangement begins at distances 
much greater than normal bond lengths and so a larger bundle of trajectories 
than in class I lead to reaction. When the electron rearrangement begins, the 
inter-particle forces are no doubt much increased and the reaction proceeds 
to completion under their influence. For neutral-neutral reactions the second 
mechanism seems to be the more realistic for the simple reason that neither 
calculation nor total cross-section measurements indicate that C6  values in 
class 11 reactants are uniformly greater than those in class I, or that the 
probable order of C6  values (as estimated, for instance, from the molecular 
polarisability) parallels the order of reactivity within the class. For ion/ 
molecule reactions, however, there is every indication that at low energies the 
dipole-induced dipole forces determine the often large reaction cross-sections 
which then approach the total cross-section in magnitude. 

The picture that has emerged of class II reactions is based upon two simple 
models, the harpooning mechanism of J. L. Magee (1940), and the stripping 
model of nuclear reactions. As the two reactants approach, an electron is 
transferred from the alkali atom to the target molecule at distances R up to 

90 
 A. Two ions are created by this harpooning and at thefmal energies 

reaction follows with high probability, leading to a reaction cross-section 
equaltoirR.AtR the ionic potential surface crosses the atomic or covalent 
one, and the condition for this is to a first approximation given by 

IEa _e2 /R c 0 	 (8.4) 

where I is the ionization energy of the metal M; Ea  is the electron afimity of 
the target molecule and e 2  /R is the potential energy of the newly created 
dipole. In writing down this energy balance it is assumed that R is 
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sufficiently large for dispersion and polarizabiity terms to be negligible (i.e. 
R C Z  5 A). The target molecules of class LI reactions are characterized by 
consistently larger electron affinities than those of class I and which are of 
the right order of magnitude to account for the large reaction cross-sections. 
A more detailed evaluation of Equation 8.4 is made difficult by the following 
uncertainty in themodel. If the electron transfer is rapid compared with the 
target vibrational motion, Ea  must be interpreted as the vertical electron 
affinity; if, however, the electron transfer is gradual and the target atoms have 
time to adjust their positions to the changing electronic environment, then 
something like the adiabatic (e.g. equilibrium) electron affinity is required, 
which is the energy liberated when a molecule is converted into the anion in 
its equilibrium configuration - assuming a stable anion exists. The difference 
is appreciable numerically, and is illustrated schematically in Fig. 8.8. There has 
been found to be a good correlation between the electron capture coefficient 
and the magnitude of the total reaction cross-section in a whole sequence of 

Na flame reactions Na/I 2  . . . Na/CH 3 C1. It is not certain that all these species 

have stable anions and the electron capture coefficient is then a complicated 
ratio of rate constants, but one may assume that the larger the electron 

E 

Fig. 8.8 The energetics oi electron trans-
fer. The equilibrium electron affinity of B 2  
is Ea(B2) and that of B atom Ea(B). The 
vertical electron affinity is E and if this 
value is used to determine the critical 
radius for harpooning, then an amount of 
energy L.E' is released subsequent to elec-
tron transfer and can appear as either 
relative kinetic energy of the products or as 
internal excitation. 
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capture coefficient, the larger the cross-section for the process e + AB -+ 
A + B -, although no simple formula akin to Equation 8.4 can be written for 
R. 

The harpooning model was originally developed to explain the larger 
cross-sections observed in the sodium flame experiments and without further 
elaboration it does not lead to the strong forward scattering revealed by beam 
experiments. -The spectator stripping model was first applied to this 
phenomenon by Herschbach and, with some important modifications, still 
offers as good an interpretation as can be expected from a simple model. In 
essence, upon transferring the electron to the target molecule, the bond 
joining the reacting halogen atom to the rest of the molecule is severed and 
there is no further force acting between the detached halogen ion and the 
other fragment which looks on while the halogen atom is carried off. 
Although a strong Coulomb force operates between the newly formed anion 
and cation, the centre of mass of the MX product continues to move in the 
forward direction since the molecule experiences no repulsion by the 
spectator and predominantly forward scattering results. The model will be 
discussed in more detail when the experimental results on energy partitioning 
are discussed. At small impact parameters (b ULJ) a collision between the 
newly formed products is unavoidable and will introduce some backscattering 
but the measure of these trajectories is small. 

Type III reactions, in which orR(X)  is bipolar and symmetrically distributed 
about x = 7r/2 are thought to be due to the formation of a collision complex 
whose lifetime is greater than its rotational period (5 x 1012  s). That this 
will lead in some circumstances to strong peaking of the scattered intensity at 
x 0 and 1800 can be seen as follows. Suppose that the reaction is the 
transfer of excitation or charge between two structureless particles that do 
not possess intrinsic angular momentum. The conservation of angular 
momentum, in this case solely that arising from the relative motion, confines 
the motion to a plane (Fig. 8.9). The direction in which the products emerge 
is determined, at least classically, by the impact parameter and the relative 
kinetic energy. According to our definition of a long lived complex, at least 
one complete revolution has been performed and xis greater than 360 0 . The 
complete scattering pattern is built up by superimposing many trajectories 
covering the range of b and E represented in the beam; if, now, x is a sensitive 
function of these parameters as it generally will be when large forces are 
involved the particles are released in effectively random directions even in a 
classically deterministic situation. Furthermore, if the completely random 
distribution of the plane of motion of successive collisions is taken into 
account by superimposing a number of circularly symmetrical distributions 
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Fig 8.9 A single long-lived collision. The reactants 
approach from left and right, form a collision 
complex from which the products are released in a 
direction indicated by the final relative position 
vector R'. The direction of R' is effectively random 
in the plane defined by constant relative angular 
momentum L. 

about a common diameter that coincides with the initial relative velocity 
vector, we see a concentration of products emerging at the poles of the sphere 
generated by this rotation (Fig. 8.10). This uniform emission of product in 
the plane of motion has the results that the number of particles emerging 

between x x + dX and 0, 0 + dØ per second is 

dn= -2 IooRt o tdxd0 	 (8.5). 

where 10  is the incident intensity. The differential cross-section is then found 
from 

dn = JOUR (x,0) sin  x dx dØ 	 (8.6) 

to be 

cYR(X,0) —  CRtotI( 21T sin  x) 	 (8.7) 

If, now, the particles have an initial internal angular momentum ji and a final 

the conservation of angular momentum J results in the asymptotic 
conditions (i.e. after the internal angular momentum has become frozen and 

is no longer coupled to L) 

J=jI+LI=jf+Lf, 	 . 	(8.8) 
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Fig. 8.10 The cumulative result of many collisions of the type 
shown in (i) is to superimpose all possible planes of motion of the 
complex consistent with L perpendicular to w. The product flux 
is thereby concentrated at the poles defined by the initial 
direction of approach. 

so that L i  * Lf  and the exit plane of motion no longer co-incides with the 
incident plane. In processes with fairly large cross-sections at thermal energies 
and above, .1, is generally small compared with L 1  so that 

I L = Lf +if  

a range of jf  values in the product will thus produce a related distribution of 
L1  (Fig. 8.11). Superimposed upon this is the additional distribution arising 
from the undefined plane of the motion so that all orientations of the vector 
I in a plane perpendicular to the relative motion are equally probable in the 
sample. We might try to approximate the system at the point of break-up as 

either a diatomic molecule, the interparticle axis of which gives the direction 
of departure of the products (w'), or as a symmetric top in which w' lies 
along the principal axis. From either model, we can ask for the probability 
distribution of the orientation of the molecular axis and hence, if the 
disintegration rate is constant, of the angular distribution of the scattered 
products. Quantum mechanically, the diatomic system is characterized by a 
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Fig. 8.11 (1) The final orbital angu-
lar momentum, Lf is the resultant of 
j and J. The plane of motion 
'(shaded) of the two departing frag-
ments is I to Lf and x is the polar 
angle between the axis of the di-
atomic and' the initial direction of 
approach which defines the z-axis. In 
a sequence of collisions all directions 
of J in a plane perpendicular to z are 
equally likely and so the resultant Lf 
lie on the surface of a cone with 
constant z—component Mf. 

(2) Quantum mechanically, this 
distribution of the plane of motion 
with constant Mf of the relative 
motion results in an angular distribu-
tion described by the spherical har-
monic YLfMf,  the envelope of which 
(dashed line) approximates the class-
ical distribution, with X  ranging be-
tweenX m  and lTXm. 

L 	 L 
0 

xn, 
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total angular momentum quantum number Lf  with a range of projection 

quantum numbers ranging from —Mf  to M1  as discussed above. The diatomic 

complex wave functions will be spherical harmonics so that the probability of 
product scattering at angle x from a diatomic complex with quantum number 

L1  and Mf  is YW = I YLfMf(X ) 1 2 . More usefully, this probability can be 

expressed in terms of the state of the scattered product if and rn. From Fig. 

11 it is clear that Mf  = m, while if/f  < Lf  then Lf  L (or more generally 

Lf =(J2  +/1 - 2J/f  cos 0) 4 )• The distribution of product in this state is thus 

I Yjp  mj(X I) 
1 2 . A typical distribution is sketched in Fig. 8.11. In general 

the transition state is formed in a range of angular momentum and 
orientation states. The observed intensity (without state analysis) will then be 
the superposition of many such distributions, those with low m 1  values 

peaking at angles near 0 and ir while product with high m scatters near the 

equator, x ir/2. The net effect of such averaging is, in the limit of/ f  'Lf , 

to wash out the bipolar form and produce a spherically isotropic distribution 
of product. A possible ansatz to describe this range of possibilities might be: 

(x) = 	'IV (L f , Mf) I' YLfMf(x, ) 1 2 	 (8.9) 
L1 m 
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where 'IV (Lf, Mf) is the probability of finding the state (LfMf) in the 
ensemble. This formulation does not give us"/V(L f Mf), which must come from 
some further assumption about the distribution of j,,-. If, for instance, in the 
rather artificial case that if  is isotropically distributed in direction and all 
values of Mf  from _j  to if  are equally probable, then if/ f  is appreciably less 
than L- we may neglect the correlation between Lf  and Mf  and write 

IV(LfMf) = 2j + ; L L1. (8.10) 

Taking these equations to define the model, and regardingM f  as continuously 
distributed and replacing YL f M1  by its, asymptotic approximation (from 
Equation 8.18) with K = 0) S  

1 	Lsinx 
(x) =;-'2'J 	

(L sin2  x_MY'/ 2 dMf  
r —Lsinx 

42; Lsin</ 

(8.11) 
1 	J 

- =J(Lsin2XMdMf 

=jsin'Of/Lfsinx); L 1 sin>j 

where the two ranges of the integral are caused by the restriction Mf  <jf.  The 
result (Equation 8.11) is plotted in Fig. 8.12. The object of this simple model 
is to illustrate the smoothing out of the poles at x = U and ir that occurs when 
product angular - momentum is introduced. In the limit if  > L• (Lf  /f) 
and again with all values of Mf  equally likely, we can use the completeness 
relationship 

Lf 

IYLrMr(x,)I 2  =(2Lf + 1)/47r 	 (8.12) 
-- 	Mf=—Lf 

to show from Equation 8.9 that the distribution (x) becomes independent 
of x (i.e. the contribution of the second integral in Equation 8.11 vanishes). 

A more realistic model would allow us to include some correlation 
between the direction of if  and Lf , and more progress can be made if the 
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0 	x 	IT 

Fig. 8.12 The effect of various orientations of if  with respect 
to L 1  is to introduce a spread of Mf values. The superposition 
of the angular distribution YLfMf(X) with a range of Mf values 
then destroys the poles in the probability distribution 9 (x). 

complex on the point of break-up is regarded as a symmetric top. Quantum 
mechanically, a symmetric top is characterized by its total angular momen-

tum J and the components of J on a space fixed axis, M and on the body 

fixed symmetry axis, K (see Fig. 8.13). If we know the distribution of J, of M 

and of K, the probability distribution of the symmetry axis orientation can 

be found from: 

>jY(J,M,K) 
(2J+l) I qK ,X,a)I 	(8.13) 

JIM K 	 8ir2 

where the K  are the Wigner functions. 

Once again, if the weights IV(JJMfK) are independent of either M or K we 

can use the sum rule 

Inn,I = 1 	 (8.14) 

m Or m'=—j 

to show that the distribution of x is isotropic, provided that/ f  > L f  so that a 

sufficient range of Mf  states are available to complete the summation. 

In the case ji  = O(and henceJ=L,M= O)the result: 

CiKa  YLK(X) 	 (8.15) 
2J + 1 

yields 

(x) = 	1V(L, K) I YLK(x) 1 2. 
	 (8.16) 

L K 
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w L 
Fig. 8.13 The two product fragments, A and 
B, of a collision complex regarded as a 
symmetric top. The projection, K, of if  on the 

- symmetry axis AB is a constant of the motion 
and the orientation of AB is described by three 
angles (a, x, 0). The direction of the symmetry 
axis at breakup (when K is frozen) coincides 
with the final relative velocity vector, W. 

A typical simple model of complex formation that would then enable 
'IV(L,K) to be extraôted consists of two parts; 

All impact parameters up to b * lead to complex formation and hence 
to a reactive channel. The upper limit to L in Equation 8.16 is thus given by 
L*=pub*. 

The distribution of K values for a given value ofJis of the form 

IV(K)=e_K2/2K*2, KJSinX. - ( 8.17) 

(J sin x  being the maximum value of the component of J on w'). There are 
thus two parameters in the model, L* and  K*. These may be fitted 
empirically to the observed I(x) or deduced from a statistical mechanical 
analysis of the collision complex in its 'saddle point' configuration i.e. in the 
transition state of absolute reaction rate theory. The analysis is completed 
by substituting -integration for the summations in Equations 8.16, with the 
asymptotic replacement for the smoothed functions 

I MK(O' x a) 12 	 i' EJ 2 sin2  x - M2  - K 2  + 2MK cos xl -½ 

(8.18) 

to yield the scattered intensity distribution 

I(X) = 21T J(x,L)LdL. 	 (8.19) 



Reactive Scattering 	 315 

The broad features of the model are summarized in Fig. 8.14 where o(x) is 
plotted for various values of the parameter (L*/2K*) 2 . For K* = 0, the 

problem reduces to that of the reaction of two point masses and Equation 8.7 

holds; for K*# (i.e. all allowed values of K equally probable) the scattering 

is isotropic as required by Equation 8.14. Essentially the same angular plots 
are obtained from this crude statistical model when it is applied to 
rotationally inelastic scattering of atoms from diatomics (W. H. Miller, 1970). 

o(x) 

0 	 X .  

Fig. 8.14 The progressive disappearance of 
the poles in the product scattered intensity 
with increasing angular momentum of the 
products about the final interparticle 
vector. The various a(x) are scaled to unity 
at 900, and are labelled with the value of 
L* 2  /2K* 2 . ( From I. Halpern and V. M. 
Strutunskii, 1958.) 

Besides the final partitioning of the angular momentum between internal 
and relative motion, another basic parameter of the problem of complex 

formation is the lifetime r, of the complex. So far, we have assumed that r 

comfortably exceeds a rotational period of the complex, rr ; but as T 

diminishes, the symmetry between forward (X = 0) and back (x = ir) 

scattering is destroyed. The attenuation of the back scattering is already 

pronounced for r = Tr  and finally when r < Tr , the very anisotropic 

distributions characteristic of direct reactions are obtained. This effect has 

probably been observed in the scattering of Cs from thallium halides where 
the results can be interpreted by T/T,. 0.8 (G. A. Fisk et al., 1967). 

The whole subject of the angular distribution of products from the 
breakup of complexes is of interest in nuclear fission theory and a 

development of some of the ideas of this section can be found in L. Wilets, 1964. 
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83 Elastic scattering in the presence of reaction 

Because of the strength of the elastically scattered signal compared with that 
of the reaction products, measurement of the elastic differential cross-section 
in the presence of reaction is an attractive, if indirect method ofinvestigating 
some parts of the potential surface governing reaction. The basic limitation of 
the technique is, of course, that it cannot probe the interaction of the 
products in the reactive exit channels;a separate elastic scattering experiment 
starting with the products would be necessary for this. 

Even in the presence of reaction, elastic scattering is determined solely by 
the diagonal S-matrix elements. In the absence of inelastic or reactive exit 
channels, we found in Chapter 6 that, for the Ith  partial wave associated with 
the n th internal state of the system, the diagonal elements were: 

Sn i: n i = e2 Il? 	 (8.20) 

and so the probability of emerging after the collision in the (n,l) exit channel 
is unity: 

gin , :n ,= ISn1:ni 1 2 = 1. 	 - 	(8.21) 

In the presence of new exit channels, the 	will be less than unity so that 
probability can be conserved and in general we can write for the elastic 
channel 

Sni: n i e 2 l e 2 ' 

so 

n1:ni = e 4 1. 	 (8.22) 

From e(l) and i(l), the elastic scattered amplitude can be constructed: 

2ik 
	1)(S ni : ni_ l)Pi(cosx). 	(8.23) 

Just as a knowledge of the potential energy function in the elastic case 
enables the phase shift function to be calculated, so a complex or optical 
potential, - 

V0 (R)= V(R).-t-iW(R) 	 (8.24) 
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yields a complex phase shift function and hence S matrix elements of the 
type (Equation' 8.22). The solution of the radial wave equation with a 
complex potential splits it into coupled real and imaginary parts and is not 
straightforward; however, as might be hoped, it can be shown that the 
attenuation factor e(1) is given to a good approximation by a Born type 

expression (R. E. Roberts and J. Ross, 4970): 

W(R)dR 
(8.25) 

= 	
h s: .{E - V(R) - h 2 (1 + ½)2/2pR2} ½ 

Although a knowledge of the optical potential that reproduces the 
observed elastic scattering could conveniently summarize a large body of 
scattering data and enable some of the transport properties in the presence of 
reaction to be calculated, it is hard to ascribe any physical reality to the 
details of W(R). Instead, interest has so far centered on the absorption 
function e(l) and this is extracted from the scattering data and interpreted in 
a semi-classical fashion parallel to that of i(1). Thus, if the concept of a 
classical path is valid in the presence of reaction, i.e. if Equation 8.23 can be 
evaluated by the method of stationary phase in which €(l) plays no part, then 
Equation 8.21 means that along the classical path with angular momentum 
1th the probability of reaction is, from Equation 822, exp(-4e(l)). The 

interpretation of a(x)  is now as follows; the potential parameters of V(R) are 

deduced from a(x) in the angular regions assumed to be unaffected by, 
inelastic events. The unattenuated differential cross-section over the whole 
angular range is then deduced from this potential, and deviations from the 
Observed scattering at any angle are ascribed to reaction on the classical 
trajectory leading to the observed deflection. More precisely, defining l(b) as 

the reaction probability on a trajectory with impact parameter b, we have 

= oi((b)) - Uobs(X(b)) (8.26) 
ai(x(b)) 

The reactions that respond well to this analysis are those of small reaction 
cross-section in which the rainbow structure is intact (class I) and where i(b) 

is appreciable only where (b) is single valued. The observed 0(0) for the 
K/HX reactions are of the form sketched in Fig. 8.15 and are characterized bya 
rainbow structure of apparently normal amplitude and a fairly pronounced 
step in the scattered intensity beyond the rainbow. It is typical of these 

reactions that a(x) vs. Ex plots at different energies are nearly super-

imposable, indicating that the step in a(x)  at  Xe  occurs on trajectories with 
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CD 

Fig. 8.1 5 Typical elastic scattering pat- 
• tern in the presence of reaction cone 

fined to small impact parameters (Class 
I). The dashed line is the predicted 
behaviour from the rainbow structure 
and there is evidence for the onset of 
reaction at O. The shaded area repre-
sents the number of particles lost per 
second by reaction. 

the same value of the turning point R. Using Equation 8.22 and the 
deflection function x(b) deduced from the Lennard-Jones parameters 
obtained from the rainbow angle, the reaction probability function, either 

(b)ori(b/a) if the estimation of ais felt to be unreliable, is deduced. The 
general form is given in Figs. 8.16 and 8.17. Although the experimental and 
deductive uncertainty in (b) is high, it seems clear that the reaction 
probability does not rise to unity even for head-on collisions, probably 
showing that the reaction cross-section has some orientation dependence, a 
conclusion in keeping with the classical trajectory calculations described in 
Section 8.7. Some additional weight is given to this method of interpretation 
of the elastic scattering from the observation that the potential energy at the 
distance of closest approach at the reaction threshold, V(R), deduced from 
runs at different energies, is approximately constant. Similarly, the Y(b) 
curves are nearly independent of the initial energy, at least over the rather 
limited velocity range so far explored. • 

There are at least two weaknesses in this analysis. The first is the 
uncertainty in the extrapolation of the hypothetical elastic scattering curve 
into regions of large deflections. The simple rainbow phenomenon is a poor 
guide to 0L j or any length parameter of the potential and extrapolation of 



0• 

0• 

0• 

0. 

0. 

0 

0• 

0• 

0 

I 	 .4 

V(rc ) (kcaI moIe) 

Fig. 8.16 The probability of reaction 91 vs 
potential energy at the distance of closest 
approach for various reactive systems. The 
relative initial kinetic energy in all cases is '6 
Kcal mole'. (Taken from E. F. Greene et al., 
1969.) 
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Fig. 8.17 The probability of reaction as a func-
tion of impact parameter for K + HX. The 
uncertainty in 91(b) is indicated and the func-
tion has to be extrapolated to zero impact 
parameter because of the difficulty of measure-
ment near x = ir. The area under the curve, 
weighted by b is the total reaction cross-section 
(Equation 8.23). 
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a(x) beyond the rainbow is increasingly sensitive to the short range part of 
the potential. If the absolute total cross-section can be measured, V(R) can be 
extrapolated more accurately (though only for some assumed form of the 
potential) but possibly the best procedure is to measure the supernumerary 
rainbow spacing from which the range of the potential can be deduced more 
accurately, (see Chapter 7 and below). A second objection to the above 
analysis is that inelastic events, mainly vibrational/rotational energy transfer 
near the reaction threshold, might smooth or distort the shape of the 
threshold step in a(x). This effect is probably present, but the range of 
trajectories affected, or the measure of the effect in influencing deduced 
values of aRtot is likely to be small unless the reaction cross-section itself 

- becomes small, e.g. at higher energies. 
When the elastic scattering in, the presence of type II reactions is 

investigated, an entirely different pattern emerges. The rainbow is no longer 
seen and the scattered alkali atom- intensity falls monotonically with 
increasing angle. The significance of this can best be appreciated by following 
the-effect on the observed scattering pattern of an increasing value of the 
critical impact parameter for-reaction, b. A typical deflection plot is shown 
in Fig. 8.18 and the 'black sphere' model assumes that all partial waves with 
an impact parameter less than b are absent from the scattered wave and so 
any interference structure in a(x) involving branches of the deflection function 
with b < b will also be absent. Thus, for.  b .b 1  (case I, Fig. 8.18) 
the corresponding angle of deflection lies on the dark side of the rainbow and 
there are no semi-classical interfering branches at that angle; a simple step in 
a(x) is thus observed. As b  increases such that, on the positive branch of the 
deflection function, Xc <Xr, the high frequency interference structure in a() 
is progressively attenuated until, when b b0 , the forward glory is 
destroyed and with it the interference strUcture in the total cross-section. At 
this stage, (I), the supernumerary structure to the rainbow is still intact but as 
b increases still further this structure is damped out until, when b br , it 
has disappeared (case II). SuperimpOsed on all these cases is the small 
amplitude diffractIon structure (not shown in Fig. 8.18) due to diffraction at 
the surface of the black sphere and thus of periodicityir/1 (see Equation 

• 	6.13). This latter structure has not, so far, been 'observed and is easily 
• 	suppressed by substituting a more gradual absorption function for the step 

• 	function characteristic of the black sphere model. The relation between the 
absorption as a function of x,(x) and the probability of reaction as a 
function of distance of closest approach can be computed with the aid of 
Fig. 8.19 where X(R*) is plotted for several values of the reduced energy. It is 
generally at this point that the analysis stops. 
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Ex 	x1 	Ex 	 x3x 

Fig. 8.18 The effect of a 'black sphere' type of optical 
potential on the elastic scattering pattern arising from a 
typical molecular deflection function. In case I, the 
rainbow and supernumerary structure is intact; in case 
II the rainbow only is present; in III (bc  > br) the 
scattered intensity falls monotonically to zero. 

Since the total reaction cross-section is approximately irb, we expect 

reactions of large cross-section (class II) to exhibit a weakened or absent 
rainbow structure. This is borne out in practice by such systems as K/Br 2 , 

K/CBr4 , K/C12 , K/SnC14  in which the rainbow is absent. Also in contrast to 

class I reactions, it has been observed (V. Kempter et al, 1970) that for 

systems K/Br 2 , K/C12  and K/SnCI4  the I()-sin x vs EX plots at different 

energies are not superimposable but show a definite trend towards increased 
elastic scattering with energy in the range 1.5 - 6 eV (Fig. 8.20). This 
interesting behaviour, which is not observed for K/Cd 4  or K/SiC14 , is 

tentatively ascribed to non-adiabatic electron behaviour. Thus, at the lowest 
energies, less than 1.5 eV, the lower- or ionic potential surface is exclusively 
followed. As the energy increases, the electron fails to jump on trajectories 
that take the system over the crossing point with sufficient speed - i.e. those 
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x S- 
Fig. 8.19 Plot of reduced turning point versus deflection angle for a 
U (12:6) potential at various values of the reduced kinetic energy, 
E/e. 
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Fig. 8.20 Possible non-adiabatic behavi-
our in the scattering of superthermal 
potassium from a variety of halogen 
containing compounds in class II. The 
plots would be expected to be super-
imposable if only one potential (real or 
complex) were operating. Each curve is 
labelled with the energy of the alkali 
atom. (Adapted from V. Kempter et al., 
1970.) 
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of smallest impact parameter - and elastic or possibly inelastic scattering 
from the upper potential surface is substituted for some of the reactive 
scattering. This new motion is sometimes described as diabatic and has been 

invoked to explain some of the small angle scattering of potassium from 12 at 
100 eV (B. Duchart et a!, 1971) where it is probably quite widespread. At 
these high energies elastic scattering can also take place from the Coulomb 
potential because the relative velocity of the incoming K atom is now so high 
that, even though the electron may jump, the K atom may fail to pull away 
an I atom before the second crossing is reached. The electron will then return 
to the K atom and elastic scattering results. The probability of this happening 
is largely dependent on the mass ratio of M and X, the lighter X the more 
chemical reaction persists at high energies. 

The whole question of non-adiabatic effects in reactive scattering has 
hardly been investigated. One of the most direct examples of the operation of 
the effect is in the phenomenon of auto.ionization. When a beam of alkali 
atoms collides with a halogen molecule or atom target, a considerable ionic 
flux is observed when the collision energy rises above the threshold for the 

process: 

M+X2 	-, M+X 	+zIE1  

or 

MX+A 	-* M+X+A+E2 . 

We will not di'scuss these experiments (see, for example A. P. M. Baede et al 
1969, and F. P. Tully et al ;  1971) except to remark that, ultimately, a unified 
description of high energy elastic scattering, reactive scattering and collisional 
ionization must be found, prdbably in terms of two potentials. 

A useful bonus from the optical model of elastic scattering is that the total 
reaction cross-section can, in some cases, be obtained without recourse to 
absolute measurements. Thus, in terms of the reaction probability function 

(b), the total reaction cross-section is given by 

aR_21$?(b)bdb. 	 (8.27) 

Once again, if the estimate of ULJ is felt to be unreliable, Equation 8.23 can 

be expressed in the reduced form 

UR/ULJ = 27tJ9P(b*)b* db*. 	 (8.28) 
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Values obtained in this way agree to within at least an order of magnitude 
with the directly integrated product flux (Section 8.2) and relative values in a 

sequence e.g. K/HC1, K/HBr, K/HI are sensible. Furthermore, in this route to 
cJR the relative sensitivity of the detector to the product and to one of the 
reactants does not appear as a factor. Altogether, this is the most satisfactory 
route at present to crR for reactions of sma1lcross-section. 

• 	8.4 Energy dependence of the total cross-section 

As we have seen, elastic scttering in the presence of reaction can be 

described by an optical potential which results in S-matrix elements of the 
form S = e "'I-le "I . The imaginary part of the phase shift, Ci, represents the 
absorption of flux from the 11h incident channel. The total cross-section, as 

• 	- measured in the standard experiment described in Chapter 7, is found to be: 

o(E) = 	(1 -e  _2C1) (21 + 1) + 	(21 + 1) e 2e  sin2 m 
- • -- - - -. (8.29) 

by applying the optical theorem to Equation 8.21 An elastic total 
cross-section can be defined in operational terms as the integrated elastic 
differential cross-section and so, integrating Equation 8.23, 

4ir 
oe i(E) =- 	(21 + 1) e 2€j  sin2 m 	> (21 + I )(l - e -2  

(8.30) 

The total reaction cross-section is the difference between -Equations 8.29. 
and 8.30: - - 

	

4€z) 	 (8.31) 

• - - and so the largest possible ratio of 0R to ot , t  is ½. Note that Equation 8.31 
- does- not contain an i-dependent phase factor in the summation which is not,- 

therefore, susceptible to the normal methods of stationary phase evaluation 
and the concept of interfering branches does not apply. For most functional 
forms of € 1(E), then, UR (K) will be a smooth function of K, perhaps 
exhibiting a single maximum, rather than an oscillatory function - in 
contrast to the behaviour of a 0 (E) and Ue i(E). This does not, of course, 
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mean that the differential reaction cross-section is structureless; angular 
structure has, for instance, been observed in the ion production from 
K-I-Hal 2 . 

The 1 dependence of e 1  cannot at present be deduced from measurements 

of a(x) or a 0 (E) and is usually obtained from an assumed model of reaction 
in which an adjustable parameter is retained. The simplest such model, the 
black sphere, can readily be recast in terms of an optical potential or an 

absorption function. Thus, Ci for a black sphere radius Rd  is: 

El=, 1<1d 
ld=uvRd/h 	 (8.32) 

	

e=O, 	l>ld ' 

which represents the situation in which all particles approaching with an 

impact parameter Rd or less are absorbed. Referring to Equation 8.29, there 
are two types of behaviour that-can arise according to whether 1d  is greater or 
less than the value for the onset of random phase, 1*.  We identify 1*  by a 

Massey-Mohr criterion and so, if 

-. 	 - 	ld l* 
 = k (2cf(s)) 1/(s-1) 	

(8.33) 
 hV 

the random phase region encompasses the whole range of the partial wave 
stimmation in which e 1  is non-zero. In this random phase region, the sin 2  fl1. 

factor in Equation 8.29 averages to ½ and the contribution of partial waves 

with 1<1*  to a0(E) is independent of e 1 . a 0 (E) is therefore unchanged 
from the elastic case. However, the energy dependence of the two critical / 
values is different in the presence of intermolecular forces and they become 

equal at a velocity u given by: - 

	

v 	2Cfis)/(hR'). 	- 	 (8.34) 

At velocities higher than this value, reactive processes begin to increase the 
total cross-section above the purely elastic value. Finally, when v > v, and 

e 21  is still 0, each partial wave contributes 27rX 2 (21 + I) to the total 
cross-section - the maximum possible value. The velocity dependence of 0tot 

changes from the Massey-Mohr value of —21(s— 1) for the energy exponent 
at low energies to become independent of velocity in the high energy limit. 

The fate of the fine structure in a0(E)  as the reactive part of the 

potential energy surface changes is more difficult to trace analytically since 
all regions of stationary phase must be included in the partial wave 
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summation. Qualitatively, the main features are as follows. For normal 
potentials we have seen that there are at least two contributions to the 

forward scattered amplitude in the incident channel, f,(0) and under 
semi-classical conditions we write 

f(0)=f(l)(0)+ 	.t°ko. 	(8.35) 
- 	 inner 

- 	 - 	
- 	 -branches 

The first and largest contribution comes from those partial waves of large 1 

value associated with phase shifts < ir/2. The inner branch contributions 
come from those trajectories of' smaller impact parameter with nearly zero 
deflection or multiples of 27r. In the elastic case these additional branches are 
responsible for the undulations in the energy dependence of the total 
cross-section. Reverting to classical language, molecules that contribute to the 
forward glory can be said to have penetrated to a distance of closest approach 
R 0  1.05u and constitute the leading inner branch,f (2) . As we have seen, 
just as the rainbow is associated with a distance of closest approach that is 
almost independent of energy, so also is the inner trajectory of zero 
deflection (see Figs. 18.19 and 18.21). If any reactive or inelastic channels are 
open to these more penetrating collisions, the magnitude of the scattered elastic 
amplitude f(2) will be diminished and with it the amplitude of the 
undulations it causes in the total cross-section. This amplitude ranges between 

{I 

 

f(l) + If2 11 2  and {I f ( l ) I - If 2  

Finally, when .f(2)  vanishes, the undulations disappear. If throughout the 
energy range only two branches contribute, the effect of a slowly increasing 
black sphere radius Rd can be followed from Fig. 8.21; note that we have 
slightly modified the primitive black sphere model from the discussion above 
to one in which the criterion for reaction depends upon the distance of 
closest approach rather than the impact parameter. The values of the reduced 
turning point on the zerodeflection trajectory, Rfl', slowly increase from I to 

1.07 as the relative kinetic energy rises from 0 to °°. Thus, a value of R less 
than unity will leave the undulatory structure of aØ(E)  intact. As R 
increases beyond unity, the undulations at low energies are first suppressed 
until with R somewhat less than 1.07 (the precise value depends upon the 
parameters) the highest energy undulation disappears, leaving a 0 (E) 

structureless across the whole energy range. In terms of the classification of 
the previous section (e.g. Fig. 8.18), the structure disappears across the whole 
energy range at the borderline between classes I and 11 of reactive systems. 
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Fig. 8.21 A family of phase shift curves plotted 
against the reduced distance of closest approach and 
labelled with the reduced energy E/e. The maximum 
in t(R) for a given'value of E*, 77max' occurson the 
forward glory trajectory. A maximum in the total 
cross-section occurs at the energies for which 
7max(') passes through a multiple of ir. 

Because the range of R that separates the onset from the completion of 
quenching is so small it is likely in practice that cases of partial quenching due 
to reaction will be very rare. 

There are several weaknesses in this primitive model, the major one being 
the neglect of inelastic events. We return to this later and discuss briefly the 
less important question of whether the introduction of a sharp cut-off in the 
partial wave summation, as in the black sphere model, will itself induce 
observable structure in the total cross-section of an interference nature. From 
Equation 8.29, the diffraction oscillatory structure can only come from the 
second term; as 1d  changes, the magnitude of this term passes through a 

maximum every time 7(ld) is equal to a multiple of 7r/2. Assuming for the 
purposes of an order of magnitude calculation that the phase shift varies 

linearly with 1 near 1 = 1, we readily find that the difference between the 
maximum and minimum contributions of the sin77, term in Equation 8.29 is 

given by 

tOt/(l )k2 	
(8.36) 
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where ri'(l) is the gradient of the phase shift function. The ratiou tot /Aatot is 
thus of order (1/7'(0 and is small unless '(1) is nearly zero, i.e. unless the 
critical impact parameter bd is close to the glory value. This type of structure 
has not yet been observed. - 

Both chemical reaction and inelastic events can remove terms from the 
partial wave summation and- the latter, especially rotational energy transfer, 

- will - probably have arather less - step-like dependence on -the:impact -parameter 
than chemical reaction (a 'grey sphere' model) and could lead to a-dampening 
of the structure of a to t across the complete energy range. The experimental 
P(b) functions, available from an optical analysis of the elastic scattering in 
the presence of reaction (Section 8.3), are found to be somewhat rounded by 
the imperfect angular resolution of the apparatus,but for some systems this 
function does approach step-like behaviour (e.g. for K + HX, Fig. 8.17, see 
also K/Cd 4 , R. M. Harris and J. F. Wilson, 1971). In these systems, 
consistent application of the optical model would lead to almost complete 
or zero quenching respectively. However, partial quenching- of the glory 
structure, especially at the low velocity end of the spectrum, is a common 
feature of molecular scattering, even in tion-reactive systems. The favoured 
explanation here (W. D. Held et al., 1970 and Section 7.3) is an orientation 

dependent potential that effectively introduces a range of e values into the 
• collision dynamics. Experimentally, a small amount of quenching might well 

escape detection since the amplitude of the undulations in at0 t(E) depends 
upon the shape of the potential (in particular on the curvature of the 
potential near the minimum) and on the velocity and angular resolution. 

Against this background, we now review the experimental data on u 0 (E) 
for reactive systems and this is summarized in Table 8.2 in which two-relatively 
unreactive systems, Na/SF 6  and Li/S0 2  , have also been included. 

Total cross-section measurements are carried -  out with the lighter atoms Na 

and Li in order to improve resolution and the 'rainbow observed?' entry 
usually refers to the corresponding K/X system. There is a fairly clear cut 
division between complete and partial quenching that follows the division 
between class I and II reactions. Thus, for collisions involving the halogens, 
the Lennard-Jones parameter GLJ is estimated to be 4-5 A, which is 

- - considerably smaller than the harpooning radius that is deduced from the 
magnitude of CR. It is thus entirely to be expected that the forward glory 
should be suppressed by reaction in class II. None of the molecules listed 
departs very much from spherical symmetry and thus should show only 
partial quenching of the glory structure due to shape effects, although the case 
of Na/C(CH 3 )4  (H. L. Kramer and P. R. Le Breton, 1967) which exhibits 
complete quenching may not be the sole exception to this rule. This partial 
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Table 8.2 

Rainbow 
System 	Observed? 	Quenching 	Reference 

Na/CBr4  no complete 	\ 

/Br2  no complete 	I E. A. Gislason and 
lcd 4  
/CH 3 I 

yes 
yes 

complete 	I 
complete 	

( 
G. H. Kwei, 1967 

/SiC14  (yes) complete 	I 
1SF 6  yes none 

Li/Br2  no complete 	\ 

/C12  no complete 	I R. K. B. Helbing and 
/ICI 
/HI,HBr 

no 
yes 

complete 
partial E. W. Rothe, 1968 

/DC1,HF yes partial 	I 
/CH 3 I yes complete 	\ 

/CH 3  Br yes . 	complete E. W. Rothe et al., 
IS02  complete 1970 
/CCL yes almost none 

quenching is probably exhibited by the hydrogen halide reactions in class I 
where, because of the angular. term of P2  symmetry in the atom/molecule 

potential, rotational transitions may be responsible for the quenching. In the 
system Na/CC14 , the critical distance of closest approach is estimated to be 

0.90GLJ and thus no quenching through reaction or through asymmetry in 
the potential would be expected. The pairs methyl iodide/Li and methyl 
bromide/Li are borderline cases. The opacity functionP(b) (R. M. Harris and 
J. F. Wilson, 1971) for the methyl halides are 'greyer' than for the hydrogen 
halides in the sense that some elastic scattering occurs at all impact 
parameters (probably due to steric factors). The transition region of the grey 
sphere extends from values of the reduced distance of closest approach of 
'-'0.8 to '- 1.2. Energy analysis of the elastic scattering in the presence of 
reaction is just beginning to reveal the importance of inelastic events in fairly 

hard collisions with R I and it is probable that the virtually complete 
quenching of the structure in a 0 (ff) that is observed for the alkali halide 
systems is due to both reactive and inelastic events. The case of Li/S0 2  is 
interesting in relation to the role of complex formation as a quenching 
mechanism. Release from a complex takes place through many inelastic 
channels and as far as elastic scattering is concerned, the target is essentially a 
black sphere with a cross-section equal to that for complex formation. For 
K/S0 2  this cross-section is .estimated to be 350 A 2  and although the 
potential parameters are uncertain, 'normal' values would lead to a glory 
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impact parameter of between 3 and 5 A - well below the radius for complex 
formation and so leading to the suppression of the glory undulations. 

It follows from the above interpretation of the results for the hydrogen 
and methyl halides that inelastic events can quench the glory branch of the 
deflection function and yet have died out at larger impact parameters 
associated with the rainbow angle, for this feature is observed to be intact in 
-all these systems. - - 

The fairly common observation that the highest energy undulations in 
a 0 (E) for both reactive and non-reactive systems are the least quenched is 
possibly indicative of an orientation dependent well depth of the potential. 
Thus, for a given change in CJLJ, the lower velocity peaks in u 0 (E) are 
more displaced relative to the local spacing than the higher energy ones, 
essentially through the operation of Equation 7.11. In a standard scattering 
experiment the observed beam attenuation is the average over all molecular 
orientations and so there is a progressive destruction of the lower energy 
peaks. Total cross-section measurements from orientated target molecules 
might be helpful here. 

To summarise, the observation of glory quenching in the total cross-
section only indicates that those particles that would have been elastically 
scattered in the forward direction on the inner branch of the deflection 
function have been removed by some process or that a rather anisotropic 
potential is operating. Since an anisotropic potential implies rotational energy 
transfer, the two effects are linked. The operation of chemical reaction is 

only unambiguous in reactions of type II where both the glory structure and 
the rainbow are absent. 

8.5 Energy partitioning among reaction products 

In direct reactions, i.e. those not proceeding through a long-lived complex, 
the energy and angular momentum partitioning between relative and internal 
motion of the products is very sensitive to the nature of the potential energy 
surface. In contrast, reactions involving an intermediate complex tend to 
conform, subject to angular momentum constraints, to the equipartition rule 
with the exoergicity shared equally among all the active degrees of freedom 
of the complex. 

Experimentally, the program is a formidable one. For the simplest class of 
reaction, A + BC - AB + C, a velocity analysis of one of the products 
together with a vibrational or rotational analysis of the diatomic product is 
requircd for a complete assignment of the energy liberated. In practice there 
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are three levels of sophistication in beam experiments: 

'Kinematic' analysis: no velocity or state analysis of the products is 
carried out, but a final CM velocity and angular distribution of assumed 
analytical form is derived that fits the observed LAB scattering. 
Product velocity analysis only. CR (0, v) is measured over as wide an 
angular range as possible, generally ~1200  in the LAB. Sometimes, for 
reasons of intensity, the velocity profile at a fixed angle of observation 
is scanned and this velocity distribution assumed to hold at all angles. 
That is, recalling the definition in the CM co-ordinate system: 

acp(x, u.) = number of product particles i scattered between x, x + dx 
and with velocity between w, w + dw per second per unit 

reactant flux 
the reaction cross-section is assumed to be factorisable thus: 

aW(x, u) = a(x)f(v). (8.37) 

The number of particles transported in to dX with energy between E and 
E + dE is related to the above cross-section by: 

oW (x,E)dE = crkx, v)du 1  

and so 

c4P 	
1

(x,E1) = - aW(x, u,). 	 (8.38) 
mu1  

This latter formula transforms between the differential cross-sections 
measured by energy analysis and those obtained by velocity analysis. 
The transformation is also a useful one when comparing beam 
measurements with the results of chemiluminescence studies which 
yield information about the distribution of products among energy 
levels. 
Complete energy analysis. In thermal energy scattering, the electronic 
state of the products is generally certain, leaving the translation and 
vibration /rota ti on energy assignment to be made. If the product is 
highly polar, inhomogeneous electric fields (see Chapter 4) can be used 
to focus or deflect low rotational states so that the relative population 
of specific rotational states can be obtained; more usually, for highly 
rotationally excited states, a rotational temperature can be obtained. 
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The vibrational-rotation distribution of the CsF formed in the reaction 

Cs+SF6  o CsF+SF 5  

has also been measured (S. M. Freund et al., 1971). The CsF was 
analysed by a flop-in molecular beam resonance technique in which 
transitions of the type n/rn - n/rn '  (Stark splitting) were observed. 
Since the moment of inertia and hence the resonant frequency for the 
transition varies with the vibrational quantum number n, the relative 
population of several vibrational states could be measured. The method 
is so far only applicable to highly polar diatomic products. 

Beam data with state analysis of a product is still so meagre that it is 
best augmented for interpretative purposes by results on energy 
partitioning obtained by other techniques. These are basically spectro-
scopic and comprise: 

Flash photolysis, yielding the vibration rotation distribution of 
the molecular product but no angular information. A very versatile 
technique with regard to the number of reactions that can be 
studied, especially those involving very short lived species. 
Infra-red chemiluminescence, again yielding the vibration-rotation 
state distribution of the product without angular information. 

In neither of these methods is there selection of the initial translational or 
internal energy. With care, an average of absolute rate constants for the 
processes 

AB(n,j) + C 	A + BC(n',j') 

can be obtained in which the true detailed rate constants k ;1(fl are 
appropriately weighted by the initial distribution of n and /. Then, if the 
functional form of k(T) can be measured or assumed (S. H. Lin and H. 
Eyring, 1971), absolute reaction cross-sections with the same initial state 
averaging can in principle be obtained from the Laplace transform of k(T): 

-- 	

., 	
7+j 

E(a (E))1 = 	(k j1 (I3))je 1 \/7f3_ 3 ' 2  djl 

where 0 = 1 /kT and Maxwell-Boltzmann translational energy distribution is 
assumed to hold during the measurement of k(fl. The integration of reactive 
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differential cross-sections with energy analysis yields a total cross-section for 
scattering into a final relative kinetic energy range dEIf both the energy 
density of final internal states and the partitioning of the energy between n 

and j is known, OR(E) can be transformed into the total cross-section for 
scattering into a range dndj of internal states (see Fig. 8.1). As yet, this 
complete tie up between the results of kinetic spectroscopy.and reactive 
scattering with translational energy analysis remains to be made. 

Rather than review the results from neutral beam work in isolation, the 
energy partitioning for a sample of reactions of the type A + BC - AB + C, 

A + BCD - AB + CD and A + BCD - ABC + D, whether or not investigated 
by beam techniques, will be discussed together. Collisionally induced 
dissociation reactions, A + BC -* A + B + C are not included, though they 
have been observed in ion/neutral beam work. The results to be discussed are 
summarized in Table 8.3, which includes all the neutral beam work utilizing 
energy analysis of the scattered products up till 1972. 

In all cases at least 25 per cent of the total available energy (exoergi-
city + collision energy) is converted into internal energy of the products. In 
stripping reactions involving the alkali metals and the halogens most of the 
available energy appears as vibrational excitation of the product, their 
effective rotational and translational temperatures being relatively cool. In 
contrast, reactions with recoil dynamics, e.g. K + CH3 I, appear to display the 
reverse behaviour with a large fraction of the available energy appearing in the 
final translational energy. Whether these two types of behaviour are 
characteristic of these two classes of reaction in general, or peculiar to alkali 
atom reactions is not yet clear. 

Continuing our survey of direct reactions, the ion/molecule reactions in 
which UR (0, if) has been measured are all characterised by strong forward 
scattering, i.e. on this basis alone they would be characterized as stripping 
reactions. They differ from the alkali reactions with regard to reaction 
parameters only in that the collision energy is greater than the exoergicity 
and that some of the reactions are endothermic. 

The spectator stripping model allows the energy partitioning between 
reaction products to be calculated easily. In a collision in which the target 
molecule BC is at rest and A approaches in the z-direction, the initial and 
final momenta are related by the conservation of momentum thus; 

L  =pp 

pAB' = -ç' 	pAB' _p' 

	 (8.39) 



Table 8.3 

System 	 Technique and energy partitioning 	Model and reference 

N+ D2 -*N2 D+ D 
Ar+ D2 -ArD+D 

H + Hal2  -+ HHaI + Hal 
H + HHa1 -* HHal* -t H 
Hal + HHaI - HHal* + Hal 

0( 3 P) + CS 2  -+ so + CS 

Between 55 per cent and 90 per cent Direct, (Z. Herman et al., 1967). 
into internal energy, depending on E in Modified spectator stripping, 
the range 0.1-3 eV Strong forward Some recoil above 40 eV. 
scattering. 

I. R. chemiluminescence. Between 45 Direct. Repulsive energy surface. 
per cent and 65 per cent into internal (K. G. Anlauf et al., 1967; M. J. Mok 
energy, rising to 80 per cent for Cl + HI. and J. C. Polanyi, 1969). 

Flash photolysis. Direct. Linear encounters on a 
8 per cent to internal motion of CS repulsive P.E. surface. 
18 per cent to internal motion of SO (I. W. M. Smith, 1.967). 

K + CH 3  I - KI+ CH 3  Thermal X-beam. Early results gave too Direct, recoil. 
high a value for product excitation. (R. B. Bernstein, M. E. Gersh and 
Direct energy analysis gives "60 per cent A. M. Rulis, 1971). 
to internal motion. 

K + Br2 - KBr + Br Thermal X-beam. Correlation of product Spectator stripping. 
velocity with angle of scattering. 90 (T. T. Warnock et al., 1967). 
per cent available energy to internal Trajectory calculations 
motion depending on angle. (P. J. Kuntz et al., 1969). 

H + Hal2 , Sd 2  -+ HHal+ Hal, SC1 I. R. chemiluminescence.> 37 per cent (R. L. Johnson et al., 1970) 
to internal motion of HC1. 

N + CH 4- N2  H + CH 3  Ion energy analysis. at 25 eV. All the Ideal stripping 
exoergicity into internal motion for (E. A. Gislason et al., 1969). 
forward scattered products. 

N + H 2 - N 2 W + H : 	Ion energy analysis, 3-11 eV Stripping, changing to knockout. 
(W. R. Gentry et al.. 1968). 



Ion energy analysis 	 Stripping. 
(K. Lacmann and A. Henglein, 1965). 

Ion energy analysis, differential 
	

Pure stripping above 3 eV. 
scattering 	 (R. R. Herm and D. R. Herschbach, 

1969). 
Complex formation. RRK theory for 
lifetime. 

Thermal X-beam. 	97 per cent transfer 	Stripping (K. T. Gillen et al., 197 1). 
to internal motion. Coupling between 	Trajectory calculations, (P. J. Kuntz 
angular and recoil energy distributions. 	et al., 1969). 

CO+H2 -HCO+H 

CH + CH 4 -+C 2  H + H 2  

C2 H.+ C2H 4 -*CH 3  + C 3 H 5  
CH 3  + C 3 H+ H2  

K+I2 -K1+ I. 

Cs + SF 6 -CsF + SF 5  Complex formation 
M. Freund et al., 1971). 

(H. G. Bennewitz et al., 1971). 

Stripping 
(R. Grice et al., 1970). 

P. Schafer et al., 1970). 

Direct (recoil) Comparison of energy 
release with photo-dissociation spectra 
(J. D. McDonald et al., 1972) 

Thermal X-beam. 
Results correspond to equipartition. 

Rb + Br2  -RbBr + Br Thermal X-beam Velocity and rotational 
analysis. 	5 Kcal mole 	into rotation 
and 	37 Kcal mole' into vibration 

F + D2  -+ FD + D Thermal X-beam, Newton diagram analysis 
under favourable conditions. 

Cl 2  Thermal X-beam, velocity analysis of DX. 
Between 55 per cent and 76 per cent of 

Dl- total available energy into internal 

ICI motion. 

K + HBr, DBr 	 Kinematics unfavourable for detailed 	(K: T. Gillen et al., 1969). 
analyses. Broad product velocity 
distribution peaked near 100 per cent 
transfer of available energy to internal 
motion 
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where post-collision values are primed. In a pure stripping reaction the 
velocity of the spectator atom C is unchanged and so 

pC' = 0 pAB' = pA; pAB = 0 pAB'=j 	(8.40) 

- 	- 	The amount of energy transferred to internal motion of AB is thus 

mp 
Eint = 	x (collision energy) 	 (8.41) 

mA +mB 

but how this energy is partitioned between rotation and vibration depends 
upon the impact. parameter: In Fig. 8.22 both the detailed post collision 
relative  velocity vector diagram and the Newton diagram are given, the former 
constructed on the principle that immediately after reaction all particles 
continue to move with the same velocities that they had before the collision. 
From the Newton diagram for the more general case in-which UBc  is non-zero 
it follo's that the centre of mass velocity of the new diatomic AB is 

-. 	

MAMC 
 

• 	 WAS = 	 W 	 (8.42) 
M(mA+mB) 

where W r  = WA - WBC is the relative velocity of the reactants and M is the 
mass of the whole system. In terms of LAB velocities with a stationary target, 
the final product velocity is given simply by ,  - - 

- 	
- 	 mA 	- 	- 

VAB = 	 UA 	 (8.43) 
(mA+mB) - 

These results are independent of the orientation of the target molecule at the 
moment of collision, of the force acting between the newly paired atoms and 
of the impact parameter. However, if C is to continue to move with 
unchanged velocity it is necessary that AB and C do not collide. 

The partitioning of internal energy of the product diatomic is found by 
first calculating the angular momentum of AB with the aid of Fig. 8.22; 

-- 	JAB . /IABW(b - [mc/(mB +mc)lrBc sin 0) 	(8.44) 

where 6 is the orientation of BC with respect to the z-axis. If b > TBC (as is 



M. 
M. 

Fig. 8.22 A stripping collision between an atom A and a diatomic 
BC. The relative velocities, w1, are drawn assuming a non-rotating 
target and are unchanged when the bond BC is broken. The atoms 
continue to move in their pre-collision directions until the force 
between A and B begins to take effect. The initial angular 
momentum (which is also the final value) can be calculated from 
this diagram (Equation 8.44). G is the centre of mass of the three 
particles and GAB  that of A and B. 

c': 	
AS 

VA 

Fig. 8.22a Newton diagram for 
stripping, constructed on the basis 
that vc = 0BC 
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the case for thermal energy class II reactions) the rotational energy of AB is 

E - LABW, b 2 /rlB. 	 (8.45) 

This leaves, by difference, 

E 	/2ABWA (1 - b 2/r0 	 (8.46) Vib 

as the final vibration energy of AB in the limit WA >>wBC appropriate to 
laboratory ion/molecule reactions. 

These relations for the internal energy of the product in the stripping 

model impose constraints on the magnitude of the reaction cross-section 
which reduce the value irb 2  expected from the stripping impact parameter b. 
-Thus, if the product is to survive, the vibrational energy E VAI  must be less 

- than the bond dissociation energy; this imposes a lower limit on b. In the 
limit of large impact parameters, b rAB, the rotational energy E 01  may be 
sufficient to- dissociate the molecule if the relative velocity is large enough. 
Hence, from Equation 8.45, we see that at high energies both these 
constraints lead to a lIE dependence of the stripping cross-section. 

In the above discussion of stripping we have made three assumptions 
(1) the target BChas no internal energy, (2) there is no interaction between B 
and C after stripping and (3) all three atoms he in a plane. If BC is not at rest 
but possesses internal momentum due to rotation or vibration, the product 
AB will no longer appear solely along the relative velocity vector but will be 

- smeared out over a cone of half angle tan (PA/PB).  All three limitations are 
unimportant at high energies but distort the model for thermal scattering. 

We now turn to the experimental results for stripping reactions to see hov 
closely the ideal case is obeyed in practice. Results of velocity or energy 
analysed -reactive scattering are best displayed as a polar contour map (Figs 1  
8.23, 8.24) in which the distance R from the origin is proportional to the 
velocity of the scattered particle and 0 the angle of observation. Contours ar 
then drawn through observational points (R, 0) of the-same signal streng 
From the reactions in Table 8.3 we consider first a thoroughly investigau 
group that illustrate the operation of a predominantly stripping mechanism: 

N + CH4 	N2 H + CH 3  (at 25 eV) 

CH+ CH4 	C2H+H 	(at 3eV) 

K + 12 	 - KI + I 	(thermal) 



OoI.O eV 

Fig. 8.23 A velocity contour map of the intensity of 
N2 H from 25 eVNcolliding with CH 4 . The beam 
velocity profile at & = 0 is shown on the right, in which 
the value of the stripping velocity is arrowed. Veloc-
ities for two values of Q, the energy transferred from 
the collision energy to internal motion of the products 
are shown and a 30 0  cone, into which almost all the 
reactive scattering is directed, is superimposed. (Taken 
from E. A. Gislason, et al., 1969.) 

fo 267 ccoI 

11— 	
900 

30 

Wst 

S W 	 WK 12 

Fig. 8.24 Polar CM contour map of KI 
scattered in the reaction K + 12. The 
relative velocities of the two reagents 
are shown beneath. The intensities 
labelling the contours are arbitrarily 
scaled with 10 as the maximum. 

Also shown is the CM product 
velocity for pure stripping, w st . (K. T. 
Gillen et al., 1971.) 
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All three of these reactions are characterized by strong forward peaking of 
the product intensity in the CM. For N + CH 4  and CH + CH 3 , the peak 
product velocity corresponds closely to the stripping value of Equation 8.42, 
although as the impact energy falls below 1 eV the product velocity 
distribution shows increasing back scattering and the peak forward velocity is 
several times the stripping value. 
- The system K + 12 shows evidence of fairly strong interaction between the 

• newly formed products as they separate. Thus, the KI, although largely 
forward scattered, appears with a most probable velocity at least six times the 
stripping value and, although the experiments do not extend into the 
backward hemisphere, there is a hint of a second peak in the scattered 
intensity at x ir. In each case there is considerable sideways scattering, even 
after allowing for the angular and velocity distribution of the parent beams. 
In this system, there is no reason to doubt that a harpooning mechanism 

• : operates (Section 8.2), but in the two ion/molecule reactions electronic 
re-arrangement probably does not begin until separations only slightly greater 
than ordinary bond distances. Departure from the stripping predictions have 

• 	perhaps rather different causes in the K/I 2  case and in the two ion/molecule 
• 	reactions. Early energy release, before stripping, is unlikely in the K/I 2  

reaction because the critical radius for stripping is so large, and post-stripping 
interactions are probably important. They can operate to transfer energy to 
either the internal modes of the newly formed product or -to the relative 

• 	kinetic energy of the departing fragments. A detailed analysis of these effects 

• 	 is best done by trajectory calculations (Section 8.7), but qualitatively the key 
- 	factor is the nature of the interaction between the fragments of the ruptured 

bond in the target. This is most clearly illustrated in the case of harpooning 
• 	 by electron transfer. There are two possibilities in general 	- 

A+BC 	A+BC 

A+BC 	A+BC 

with the former illustrated by K + 12 and the latter by H + K2  - The potenti 

energy curves of I and 12 were given in Fig. 8.8 and should be contraste 
with Fig. 8.25 for K and K 2  - Electron transfer is rapid compared with ti 
mtion of the target atoms and the transition will therefore be vertical. I 
the case of 12 this transition is to a repulsive part of the negative ion potenti 
and the two fragments are initially forced apart but at larger separatior 
experience an attractive force. There is a net energy release and, according 
the various reduced masses, this is partitioned between translation an 
internal motion of the products; in the case of K + 12 it appears mainly 
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Fig. 8.25 The potential 
energy curves for the 
lowest Z states of K2  and 
K;. Adiabatic ionisation 
would result in the transi-
tion shown. 

21+ 
g K+K 

enhai,d kinetic energy. In contrast, the process 1(2 - K2  + e is followed bya 
slight repulsion of K and K, but the K cannot dissociate without further 
energy being supplied. This must come from the relative kinetic energy of the 
K and H ions. Partly because of the increased bond strength of K 
compared with K 2 , the triatomic molecule K 2  H is thought to have 
considerable stability (Y. T. Lee et al., 1971) and this leads to quasi-complex 
formation (as seen in the bimodal product distribution, Y. T. Lee et al., 
1972) in contrast to the modified stripping behaviour of K + 12. At higher 
energies this reaction might well move towards the stripping mechanism, 
except that the light mass of the hydrogen atom means that the duration of 
the collision is short compared to the time required to separate the two target 
K atoms. This is a point that has not been stressed in the discussion of 
stripping so far. If the atom A is very light, most of the motion in the newly 
formed AB molecule is the drawing in of A with relatively little motion of B. 
Under these conditions A may well begin to recede again before B and C have 
separated and the electron can then be transferred back from BC to A at the 
grossing point of the ionic and covalent surfaces appropriate to the current 
a1ue of the BC separation leaving BC vibrationally excited. There is now 

direct evidence that this happens in K/I 2  scattering (see Section 8.3). 
A1ternatively, the electron may fail to return and ionisation occurs. 

The two ion/molecule examples in this section, involving the removal of 
an H atom from methane correspond to almost pure stripping over a range of 

few eV. This is in part due to the fact that, compared with the K/I 2  thermal 

reaction, the exothermicity is now a much smaller fraction of the coffision 
energy so its disposal is only a small perturbation on the initial motion. Oti 
these grounds we can expect K + 12 to assume more stripping character as the 
energy increases above —1 eV, with the same proviso about reverse electron 
transfer at high relative velocities. 

The energy range in which the stripping- model is adequate is bounded at 
the lower end by orbiting and complex formation and at the higher energy 
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limit by the increasing importance of recoil or knock-on reactions, in which 
the particles behave as almost elastic billiard balls. Furthermore, as the energy 
increases beyond 10 eV, the direct dissociation channel (A + BC -* A + 
B + C) assumes greater importance. Finally, at still higher energies the 
electronic motion may cease to be adiabatic and more than one potential 
surface is needed. - 

In the case of the reaction Cl + Br 2  - BrU + Br, although the product is 
strongly forward scattered, the velocity analysis results indicate extensive 
sideways scattering and very little change in the peak LAB product velocity 
with angle. M important difference between this reaction and K + 12 is that 

the total reaction cross-section is much smaller, suggesting the greater 
importance of small impact parameter collisions and hence to secondary 
encounters between the newly formed products. Thus, despite the forward 
scattering, this reaction may be much 'more comparable to the recoil type 
involving strong impulsive coupling of all three particles. Considerable energy 
transfer to the third particle is now possible and the division between 
stripping and recoil reactions is no longer useful. Recoil reactions do not 
produce any distinctive partitioning of the available energy into product 
excitation and translation in contrast to the high internal excitation 
characteristic of stripping. Experimentally it now seems that at least in some 
cases (e.g. K + CH 3 I) a considerable fraction can appear as translation energy. 

In the long lived complex type of reaction, class iii, in which electron 
rearrangement results in a relatively stable transition state, the scattering is 
almost symmetrical in the forward and backward hemispheres and this is 
illustrated by the reactions 

C2 H+C2 H 4 	C 3 H+CH3  

Cs+SF6 	CsF+SF5 . 

16 

CM 

C 2 R 	 I 	 C2H4  

Fig. 8.26. The polar flux map of the C 3 H product of the 
reaction C2  H4  + C2 H. The contours are arbitrarily scaled to 
10 at the peak intensity. Er  = 3.25 eV. (From Z. Herman et 
al., 1969.) 
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In comparing the very different behaviour of C 2  H + C2  H with CH + CH4 , 

Wolfgang (Z. Herman et al., 1969) has used an RRKM model to account for 
the differences in lifetime of the respective molecular complexes resulting in 
the two systems. The fact that there is no evidence of complex formation in 
CH + CH4  is at first sight surprising in view of the stability of the well 
known molecular ion C2  H;, but the essential result of the RRKM theory of 
unimolecular decay is that 

- 	- 3 1 E_E*\ I-s 
r 10 1 

k E 	) 	
(8.47) 

where r is the lifetime of the transition state, s the number of active modes 
and E* the dissociation energy of the complex. In going from (C 2  H)*  to 
(C4  H )*, the increase in the number of vibrational modes increases r beyond 

2  s and forward/backward symmetry in all the exit channels is found. 
More generally, there is a tendency in many ion/molecule reactions for 
stripping behaviour to emerge from complex formation as the relative energy 
increases, a direct result of the operation of Equation 8.47. 

The neutral/neutral reaction Cs + SF 6  (S. M. Freund et al., 1971) also 
exhibits symmetrical scattering in the CM and here added evidence for 
complex formation comes from the observation that the rotational tempera-
ture and the vibrational temperature of the CsP product are almost e4ual and 
correspond to sharing of the total energy available by all the degrees of 
freedom except one - identified by the authors as the rotation needed to 
fulfill angular momentum conservation requirements. This equipartition 
result is for a fixed angle of scattering (near the forward peak) and deviations 
might be expected if a direct mechanism is superin -Iposed upon that of 
complex formation. 

Further analysis of the polar flux/velocity plots illustrated in this section 
must aWait trajectory calculations over various trial potential surfaces, but it 
is worth emphasising again that, experimentally, we have probed only a 
relatively narrow energy region and relatively few types of potential energy 
Lsurface. The beam studies described in this section, particularly the 

ron/molecule ones, alsO underline how rapidly the nature of a reactive 
collision can change with energy - the sequence of complex formation - 
stripping - recoil can be passed through in a few eV. 
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8.6 Steric factors in reactive-scattering 

A cross-section diminishing in a series of chemically related reactions all 
without energy of activation might be due-either to a decreasing distance of 

approach necessary for reaction or to an increasingly stringent orientation 
requirement for reaction (an 'entropy of activation'). Orientation factors are 
certainly present and operite in a rather predictable fashion. There are two 

-- - 	-- 	- - :direct experiments that are relevant. In the first; the total -cross-section for a -. - 
	series ofreactionsK+RI(R=CH 3  . . C7 11 5 ) (G. H. Kwei etaL,1970)was 

	

• 	- measured and relatively little  variation -was found with the size of the alkyl 

	

- - - 	group UR varying by less than a factor of 2 down the group. In the second 
type of experiment a beam of CH 3 I was prepared in either parallel or 
antiparallel alignment to the direction of approach of the potassium in the 

• M frame (i.e. cos 4 = ± 1) by passing through a hexapole filter (see Chapter 
4) into a uniform electric field in the required direction (R J. Beuhier and R.  
B. Bernstein, 1969) (Fig. 827). Bythismeans either the halogen or the 

- - 	- -. 	methyl end of the moleèule was brought into-the path of alkali atom. Even 
with the imperfect onentation of the molecule due to its residual precession 

-- (0 133 0  rather than 180 0 ) it was deduced that the reactive cross-section in 
the favourable orientation exceeded that in the reverse orientation by at least 
3:1. Expressed somewhat differently, if the CH 3 I is regarded as a spherical 
target with its surface divided into reactive and non-reactive portions, then 

QP 

() 
e T 

- 	(i) 	• 	 (ii)• 

Fig. 8.27- Methyl iodide molecules with a selected - - 
range of orientations precess around the directiOn 
of E, which is reversed by reversing the polarity 
of the electrodes (i) (ii). If E is aligned along the 

-- relative velocity-- vector,- the -two ends- -of - the--- 	--- - -. 

molecule are then presented in turn to the 
- 	incoming potassium atom. 	- 
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the reactive surface comprises —70 per cent of the total (this is probably 
somewhat less than the admittedly imprecise fractional solid angle subtended 
by the iodine atom at the centre of the mass of the molecule). Mother 
simple model has also been used to interpret these orientation experiments 
(P. R. Brooks and E. M. Jones, 1966). If the methyl iodide is pictured as two 
spheres of equal radius, then the fraction of the total hard sphere 
cross-section due to the iodine atom, averaged over the rotational motion of 
the molecule appropriate to the (im) state, is readily calculated. From this 
may be directly calculated the experimental quantity 

F= 
signal in favourable orientation - signal in reverse orientation 

- 	signal in favourable orientation 

In this way a value F = 0.4 is calculated compared with an observed value of 
0.6. 

In asimilar experiment in which methyl iodide was replaced by CF 3 I,P. R. 
Brooks and E. M. Jones (1969) found, unexpectedly, that a larger reaction 
cross-section was obtained with the CF 3  group pointing towards the 
potassium atom than with the reverse orientation (the orientations are based 
on the assumption that the CF 3  group forms the negative end of the 
molecular dipole) but that the product was probably K! rather than KCF 3 . 

-The anisotropy factor F was again 0.6. It is very hard to account for this 
result if the mechanism is a recoil one (the total reaction cross-section is not 
known), but if a harp6oning mechanism is invoked, it is possible that the 
critical radius for electron transfer, R, may be considerably larger if the CF 3  
group points towards the incoming alkali atom. The simple formula for R 
(Equation 8.4) does not show any dependence of R on the target 
otientation, but as R decreases the location of the excess charge on the 
target becomes important in that the anion can no longer be regarded as a 
point charge but higher moments must be taken into account in evaluating 
R. The asymmetry of the charge distribution is then determined by the 
polarizabffity of the anion and the relative electronegativity of the two ends. 

A larger value of R is obtained when the more electronegative end (CF 3 ) is 
Fn the region of higher field' strength, i.e. pointing towards the K ion; 
subsequent reaction is accompanied by charge migration. 

Also relevant to the question of steric factors are the elastic scattering 
experiments described in Section 8.3. In the sequence of recoil reactions (E. 

F. Greene et al., 1969) K + HBr, CH 3 Br, (CH 3 ) 3 CBr, GR/Rrn is found to be 
1.75, 1.7 and 0.95, in approximate agreement with the changes in the again 
rather imprecise angle subtended by the bromine atom at the centre of mass. 
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One further deduction that can be made from all these experiments is that 
re-orientation of the target molecule as the alkali atom approaches is not 
pronounced. That is, both the conservation of angular momentum and the 
shortness of the collision lifetime make any large alteration in j difficult and 
the target axis does not readily follow the direction of the incoming atom. 

8.7 Classical trajectory calculations 

We have seen that reactive collisions can be characterized by the predominant 
directions of scattering of the products, by the total reaction cross-section 
and by the partitioning of the energy released between internal and 
translational modes of the products. All these, together with the notion of a 
critical distance of approach for reaction are classical concepts. So far, the 
only observations with a uniquely quantum origin are the relative probability 
of scattering into different vibrational channels (even these results are 
sometimes best reported as a vibrational or rotational temperature) and 
perhaps some undulations in the differential cross-section for ion production. 
Doubtless both elintic and reactive scattering experiments with better 
resolution will reveal quantum effects and systems will no doubt be discovered 
in which two electronic states of the molecular pair play an important part, 
with consequent interference between them. It is likely, though, that a model 
based on classical mechanics and a single potential surface will be successful 
in interpreting low resolution data over a significant energy range. The 
reactive scattering situation is similar to, and perhaps more favourable than, 
that of vibrational energy transfer where at least for collinear collisions there 
is good agreement (10-20 per cent), even quite close to threshold, between 
quantum and classical calculations (D. Secrest and B. R. Johnson, 1966). 
Classical calculations have also been surprisingly successful in treating charge 
transfer and ionization problems involving highly excited atoms where the 
electronic motion is almost classical (A. Norcliffe and I. C. Percival, 1968). It 
seems likely that for some time to come uncertainties in the potential surface 
will outweigh the errors arising from a classical approximation. 

Classical models have ranged in complexity from very approximate two 
body models that can yield analytical results, three body systems constrained 
in some way (e.g. to. collinear collisions) tobe mathematically tractable, to 
the full complexity of many body (usually no larger than four) simulation 
models. The impetus to work with detailed models has largely come from 
beam work. The use of simplified three body potentials in which the 
potential energy is constrained to be a function of only two relative 
co-ordinates (i.e. fixed symmetry during collision) has a relatively long 
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histoty in chemical kinetics in the form of London-Eyring-Polanyi surfaces. 
Through the well known device of skewing the axes, the effect of. changing 
the reduced masses of the particles on the amount of reflection back into the 

incident chaimel was convincingly demonstrated, together with the coupling 
of this mass effect with the effectiveness of initial vibrational energy in 
promoting chemical reaction. The same effects are discernible in the more 
sophisticated modern calculations to be described (D. L. Bunker, 1970). 

Typical of the simplest models is that of R. D. Present (1958). Here the 
prescription is that reaction occurs in all collisions whenever potential energy 
at the distance of closest approach reaches a critical value E. The total 
reaction cross-section is then readily fqund, in the absence of intermolecular 
forces, to be: 

ci(E) = o(E = 00) (1 - E/E); E > E 

(8.48) 
a(E)=0; 	 EEC . 

Recently, modifications to include additional steric and energy dependent 
factors have been made to improve agreement with more detailed calculations 
(R. Grice et al., 1970). 

A more specialised model has been developed for stripping reactions. In 
this spectator model, discussed in Section 8.6, simplicity is bought at the 
price of entirely neglecting the motion of the spectator group after stripping 
and the effect of intermolecular forces beforehand. Models of this type are 
important because they represent limiting cases to which a variety of 
reactions tend, if only over a limited energy range. Models in which angular 
momentum effects are neglected would also fall into this class. Thus, it has 
been pointed out (J. D. McDonald et aL, 1972) that in the series of reactions 
H, D + X2 , the veiy light mass of the hydrogen isotopes considerably 
simplifies the inter-relation of the potential surface and angular scattering 
pattern of the products. Both the linear and angular momentum of the initial 
motion provide severe kinematic restraints on the scattering pattern, but in 
this series of reactions (X = Cl - - - I) the reduced mass of the reactants is 
almost constant and the relative initial momentum very small; changes in 
reactive scattering among the systems are thus largely due to changes in the 
potential surface. Particularly in the case of reactions with late energy release, 
we can picture the following sequence of events; the H atom reaches the 
transition state by a virtually straight line trajectoiy and the X 2  bond then 
breaks with repulsion of the products which move away along the line of 
centres of the two heavy X atoms. This mechanism focuses attention on the 
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geometry of the transition state, for which one can picture two extreme 
models: 

The three atoms, H—X—X must be collinear to within some specified 
small solid angle /.2 for reaction to occur. 
There is no restriction on the geometry of the transition state. 

It is now a simple exercise to calculate the two product scattering patterns, 

GR(x). From(i) we calculate the deflection function of the product, X pr(b) 
(where b is the impact parameter of the reactants) to be (see Fig. 

X pr(b) = sin 1  b/R e  (8.49) 

where R C  is the critical distance of approach for reaction. The differential 
cross-section for reaction is then: 

b(b) 	 Ml 
CTR(X)— 	 =R,cosx — 	. 	(8.50) 

sinx - 
db 

where F(b) is the probability that, when the H atom strikes the sphere radius 
R C  it finds the X2  molecule in a suitable orientation for reaction. The total 
cross-section is clearly z&R/4. Aliernatively (see again Fig. 8.28 

• 

	

	where this is emphasized), we can regard the cos x factor as coming from the 
angle dependent illumination of the reactant sphere by the incident H beam. 

The consequences of model (ii) are very simple; since the X—X axis is 
isotropically distributed at the time of impact, the product departs 
isotropically. 

In practice, the observed pattern is peaked at between 350  and 900  from 
the direction of approach of the H atom. We will not pursue the implications 
of this, but merely remark that some other ingredient, perhaps depending Ofli 

the relative velocity at the turning point, must be put into the model. 
There is no doubt that in the description of reaction by classical models 

•  the most important developments have been provided by the computer,  
simulation method for studying many body collisions. A Monte Carlo 
algorithm is used to choose the starting configurations and the coupled 

•  equations of motion are integrated by any one of several stepwise procedures. 
Properties such as 0R (x) and energy partitioning are then determined as an 
average over an ensemble of trajectories. Consideration of these methods falls 
naturally into three parts; the choice of the initial conditions, the solution of 
the equations of motion and the adjustment of the potential hypersurface 
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Fig. 8.28 A simple model for impulsive 
reactive scattering. H atoms incident in a 
plane wave from the right illuminate the 
reactant sphere with an intensity propor-
tional to cos x. If an X2  molecule is 
encountered in the solid angle d&l about X, 
reaction ensues and the HX product departs 
along the line of centres of X 2 . The 
detector, width dh, subtends an area 
RdXdW on the reactant sphere. Thus, for an 
H atom to reach the detector as HX, it must 
be incident through an area dwdb, where 
db = RdX cos X. Hence the differential 
cross-section is proportional to cos X,  Equa-
tion 8.50. 

over which the reaction proceeds. The starting values that must be specified 
in a classical calculation are quite different from those of a quantum 
calculation. In the former, position, velocity and phase of motion replace the 
quantum state of the wave mechanical prescription. Luckily, the phase 
factors usually have little effect on fmal outcome so that a fairly coarse scan 
can be used for this parameter. The initial impact parameters must, however, 
be chosen from a uniform distribution between 0 and b ax , where bmax  is 
taken as the limiting value of b above which the trajectories cannot influence 
the reactive scattering. Selection of the velocities of the particles (which 
determine the initial rotational and vibrational energy) will depend on the 
purposes of the calculation, which may either be to mimic a particular 
incident quantum channel or to represent the conditions in an experiment 
with less perfect resolution. In the latter case the velocities must be drawn 
from the correct Boltzmann distribution. The orientation angles of the 
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colliding molecules (the phase of the rotation) are then selected (in the 
ensemble average case) to provide a uniform probability for collision with 
respect to orientation. 

The most convenient formulation of the classical equations of motion is 
Hamilton's which, for an N-particle system, takes the form of 6N-6 coupled 
first order differential equations for the relative motion of the particles: 

-=qj ; 	-  = Pj 	
(8.51) 

ap, 	aq 

where the p,'s and q's are the conjugate momenta and displacements. The 
Hamiltonian is of the usual form, 

1N-1 	 . 	 N-iN-i 
H = 	m j(q + qy + 	+ ) + 	V(R 11). (8.52) 

i1  

For a potential V(R 11) defined in terms of all the interparticle distances 
(Equation 8.51) is solved by stepwise .  integration, such as the method of 
Runge and Kutta or by a predictor-corrector routine. The procedure is quite 
standard, though since a trajectory may take a second or more to compute, 
an efficient process is required. The stability of the calculation with regard to 
round-off error etc., is usually monitored by observing the conservation of 
energy (in the form of the Hamiltonian) and angular momentum during the 
collision. 

In analysing the results of these computed trajectories, the final angle 
emergence (irrespective of the out-of-plane angle) from the collision together 
with the final relative velocity are noted. A histogram is then built up of the 
number of trajectories emerging in equal angular intervals ix.  This histogram 

is the classical numerical approximation tothe differential cross-section and 
approaches statistically a smooth function as the number of trajectories is 
increased. With so many parameters to scan, the convergence is slow; Fig. 
8.29 illustrates a typical histogram after 400 trajectories have been run and 
although the distribution clearly denotes strong back scattering of atom C 
(i.e. the diatomic product is forward scattered and the mechanism is a 

stripping one), it is far frorh smooth. 
The relationship between the differential cross-section as computed, q(x) 

and the true cross-section aR(X), is simply 

x+x 
q(x)x=2ir 	aR(X)sinxclx 	 (8.53) 
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Fig. 8.29 A typical histogram after 400 
trajectories compiled from ten initial 
values of XBC,  ten of 013C  and four 
values of the impact parameter. The 
reaction is a typical recoil one. 

and so the total reaction cross-section is: 

iT 

0Rtot 	f q(x)dx. 	 (8.54) 
0 

From a physical point of view, the most interesting feature of these model 
calculations is in the effect of the form of the potential on the type of 
scattering pattern. Before any detailed comparisons are made, a body of such 
calculations serves to 'educate' the intuition in this field. For this purpose we 
need an analytic form. for the many body potential that is flexible enough to 
describe the variety of interactions encountered in reactive scattering and in 
whicheach adjustable parameter is as nearly as possible uniquely related to a 
key topographical feature of the surface. 

Taking an example from elastic scattering, we might wish to test if a 
certain scattering phenomenon is a sensitive function of the well depth; for 
this purpose it would be unsuitable to take an intermolecular potential of the 
form: 

V(R) CR —C6R 6 	 (8.55) 
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because varying either C or C6  alters the well depth. The natural choice in 
this case is: 

6e 	R AO  B 
n n IRAO B) 6) 

V(R)= 6 	 (8.56) 

where altering RB does not influence the well depth e. If, however, the 
effect to be investigated were changes in the long range part of the potential, 
the form (Equation 8.55) would be adopted. When we come to consider the 
potential energy of a group of three atoms A, B and C, of which A and B and 
B and C are known to form stable diat6mic molecules, the simplest analytical 
expression for the potential would seem to be the sum of the two separate 
diatomic potentials. If we represent these by Morse functions (thereby 
introducing the approximation that will be implicit throughout this section 
that the long range part of the potential plays no part in the reactive 
scattering) the result is: - 

V= DAB {l - e I3AB(RAB _RAB)}2 +DBC{1 _e 3Bc(RBc — RB&}2  (857) 

where DAB and DBC are the dissociation energies of Ab and BC respectively 
and R °  is the relevant equilibrium diatomic separation. This potential is 
mapped in Fig. 8.30 for a collinear configuration in the familiar form of a 
contour diagram. Inspection of the surface shows that it is characterized by a 
deep potential minimum corresponding to a stable triatomic molecule ABC 
without preference for a bent or linear configuration. Although a potential of 
this form would be a possible choice for a system such as 0(1  S) + CO, there is 
no reason to suppose that it is suitable for the systems so far examined by 
beam methods that fall into class I or II. This is confirmed by trajectory 
calculations using potentials of the form Equation 8.57 from which it is found 
that for those impact parameters that permit the system to enter the well, a 
long lived complex is almost invariably formed and the atoms execute several 
vibrations before dissociating. This, in turn, leads to an almost isotropic 
distribution of products in the centre of mass frame (see the more detailed 
discussion in Section 8.2). 

Two improvements suggest themselves; the introduction of repulsion 
between non-bonded atoms and the progressive attenuation of existing bonds 
as another atom approaches. These changes are incorporated in the N. C. Blais 
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Fig. 8.30' Contour diagram of the potential 
V=DAB {1 —exp (-13(RB .-- RIB ))} 2  + 
DBC {l - exp (—j3(Rc - RBc))} 2  for a col-
linear configuration. Arbitrary energy units. 

and D. L. Bunker (1962) potential: 

V=DAB {1 - ePAB('AB —RB)}2 

+DBC{l _ e _cBC_RBc)} 2  

+DBC{l - tanh (aRAB + c) e'CBC — R)}' 

+DAC eAcAC"C) 	 (8.58) 

where the third term introduces a tanh cut-off in the attractive part of the AB 
potential and the fourth term is an exponential repulsion between the 
non-bonded atoms. The adjustable parameters are now four - a, C, 13 and 
Rc. The tanh attenuation factor reaches a value of 0.5 at a value of the 
argument roughly equal to 0.55 and the steepness of the cut-off is determined 

by a. According to the value of c, such a potential can either be of the early 
or the late downhill type, illustrated in Fig. 8.31. In the former, the major 
energy release (potential drop) occurs when RAB is still appreciably greater 
than its equilibrium value and in the latter case the energy release 
accompanies the repulsion of C which does not begin until, the A—B bond is 
nearly complete. These two types of surface differ sharply in the distribution 
of the reaction exoergicity that they yield in the products. The early downhill 
type produces much more internal excitation than the late downhill surface. 
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The results from this surface with the parameters set to model the K + CH 3  I 
reaction were not in accord with experiment. The computed differential 
cross-section for CH 3  scattering peaked at somewhat less than 900  and the 
total reaction cross-section was 400 A 2 . 

In the failure of potential (Equation 8.58), one weakness is clear. The 
force between the approaching A and B atoms is that of the full bonding 
force of the AB molecule, even though atom Cis still present. The-
introduction of a second tanh function to switch between a bonded and a 
non-bonded force between A and B is clearly necessary: 

VDAB{l —exp(-13 1 (RAB —RB))} 2  

- 	+DBC{l — exp(-132(RBc —Rc))} 2  

- 	 +D{l —tanh(a 1 RAB +cl)}exp(-132(RBC —R8c)) 

+DAB {i - tanh (a2RBC' + c2)}exp-(-131(RAB - RAB)) 

- 	 +DAC exp(-133(RAc—Rc)) 	 (8.59) 

With this type of surface, Fig. 8.32, the total reaction cross-section for 

CH 3 I/K was 25 A 2  with strong backward peaking of the KI in good 
agreement with experiment (L. M. Raff and M. Karplus, 1966). In a further 
application of this surface, Raff has investigated the effect of replacing the 
methyl group in CH 3 I by an ethyl group, treating C 2  H 5  as a diatomic group 
held together throughout the reaction by an unattenuated Morse function. In 
order -that both the CH 3  and CH2  groups participate in the reaction,.a 
repulsion term between the K atom and the CH 3  centre of mass was 
introduced. In spite of the omission of several terms from this potential that a 
chemist would intuitively consider important, such as the changing properties 
of the C—C bond in passing from C 2  H 5  I to the ethyl radical, the conclusion 
that the ethyl radical carries away between 10 per cent and 20 per cent of the 
energy released as internal motion is probably qualitatively correct. This type 
of calculation should stimulate the study of such reactions by I. R. 
chemiluminescence and by crossed-beam product velocity analysis so the 
energy partitioning can be pinned down. 

In a series of calculations using idealised surfaces, Polanyi and his 
co-workers (M. H. Mok and J. C. Polanyi, 1969) have explored the effect of 
early and late energy release on the energy partitioning and the effectiveness 
of vibrational compared with translational energy in providing the energy of 

activation: 	--- - 	 - 	 - 	 - 	 - 

These simulation calculations have now been made for quite a range of 
molecular systems including those of the stripping and recoil types. In all 
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Fig. 8.31 Two surfaces illustrating early (i) and late (ii) 
release of the energy of reaction. The particles enter in 
the top valley and exit at the bottom. -The corresponding 
fraction of the total available energy f(E) that appears as 
internal motion of the products is plotted on the left, 
where n is the number of trajectories. (D. L. Bunker and 
N. C. Blais, 1964) 

cases potentials capable of reproducing the angular scattering have been 
found, though the uniqueness of such surfaces is doubtful. An example of 
two rather different potentials that can give a similar scattering pattern 
introduces the concept of charge migration. In the reactions of the alkalis 
with the halogens, the electron transferred must take up a final position on 
one or other of the two halogen atoms as the products depart, but whether 
this electron can migrate from one halogen atom to the other during the 
collision according to the prevailing electric field arising from the cation is a 
question that, although not susceptible to direct experiment, must be settled 
before the potential can be written down. The work of Polanyi's.school (P. J. 
Kuntz et al., 1969; M. Godfrey and M. Karplus, 1968) showed that, with only 
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Fig. 8.32 The co-linear potential energy surface for 
K+ CH 3 I, with the CH 3  group treated as a point 
mass. (From L. M. Raff and M. Karplus, 1966), 
surface (8.59). 

Ti 
RKI (au 

Typical trajectories over the modified Bunker and 
• Blais surface used by Raff and Karplus for the 

K + CH 3  I reaction. A direát reactive collision is 
shown, for which the time while all the particle 
separations are small is 5 x 10_1 3 
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a weakly repulsive potential between the atom and ion of the newly formed 
X charge migration, if allowed, frequently occurred and was found necessary 
to achieve the forward scattering foUnd in practice. However, if an X 
potential is adopted that is strongly repulsive (see Fig. 8.8), then the required 
forward scattering can be obtained without invpking charge migration, (N. C. 
Blaise, 1968). This sort of question is best settled by a direct investigation of 

the kinematics of electron/halogen dissociative attachment collisions. 
The broader question of the. uniqueness of the potential- surfaces that fit 

reactive scattering data turns on the amount of experimental detail available 

and the energy range over which °R  (0), v) is.  measured. At the present time, 
the spread in initial energy and angular momentum, together with the 
operation of simple reduced mass effects, often obsëures the changes in the 
potential energy surface in a related series of reactions. There is currently a 
need for a parallel development in ab initio calculations of these surfaces; 
with increasing refinement of the scattering data they will both hopefully 
converge on the 'true' many body potential. 

8.8 Summary of observations and reaction models 

Most of the reactions so far investigated by crossed-beam techniques are of 
the diEect type in which the product is scattered into a relatively narrow 
angular range. These reactions comprise the thermal energy reactions of the 
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alkali metals with halogen containing compounds and some reactions of 
halogen atoms and of hydrogen atoms. A much smaller class of reactions, 
notably those of the alkali metals with their halides, exhibit a symmetrical 
bipolar CM distribution. These reactions are thought to proceed through the 
formation of a complex that survives for several rotational periods, i.e. that 

has a lifetime r greater than 10_13  sec. All bimolecular coffisions can be 
assigned a place on the lifetime scale but, even for a given pair of molecules, r 
is a function of the relative angular momentum and energy. It so happens that 

under current experimental conditions the reactions so far investigated fall 
into the short and long-lived groups with respect to r, but examples will 

undoubtedly be found of an intermediate character. Furthermore, as the 
colliding energy increases it is probable that the lifetime of collisions that lead 
to reaction decreases and those proceeding via complex formation become 
direct, though probably with a change in the nature of the reaction products. 

In the field of direct reactions, a fairly good correlation is observed in the 
following properties; dominant CM scattering angle, magnitude of the total 
reaction cross-section and the angular position of the onset of attenuation in 
the elastic scattering. The ranges of behaviour in these observables can be 
displayed in the following table in which the correlations are yertical: 

Property Trend 

GR(X) forward peaked sideways backward peaked 

QR large (l 00 A2 ) > 	medium small (30 A2 ) 

Gei(X) Monotonic fall rainbow 
full rainbow and 

in intensity with _____ _____ supernumerary 
angle appears structure 

at0t(E) 	Monotonic energy 	undulations 	full undulatory 
dependence 	 appear 	 behaviour 

GR(X, v) Very high 	lower product 
product excitation 	excitation 

The behaviour of a reaction with respect to the last two properties, energy 
dependence of the total cross-section and energy partitioning in the products, 
is less predictable from the position of the reaction with respect to the first 
three properties. 

The existence of these correlations points to the operation of a single 
potential energy surface (i.e. to the absence of non-adiabatic effects) in each 
reaction and these surfaces, though differing widely in chemical nature, are all 
characterized by a potential that falls monotonically along the reaction path 
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(i.e. zero activation energy). If a reaction fails to conform to the above 
trends, strong inelastic scattering may be the cause which can destroy the 
structure in a(E) and 0(x), or a complex may be formed In the latter case, 
with r approximately equal to the rotational period of the complex, the 
product could still be thrown forwards or sideways but the total reaction 
cross-section need not be large. 

The bunching of examples at either end of the various scales listed above 
suggests the use of simple models, two of which have achieved considerable 
importance - spectator stripping for reactions of large cross-section and 
recoil for those of small cross-section. Of these the stripping mechanism is 
capable of simple quantitative development and deviations from it serve as a 
measure of spectator participation both in neutral/neutral and ion/neutral 
reactions. Deficiencies in the model are numerous at thermal energies and the 
spectator generally plays a part in carrying off some of the energy liberated. 
Peculiar to reactions involving atoms of low ionization potential is the 
harpooning mechanism which leads to reactions of large cross-section and also 
suggests a convenient form for the initial part of the potential energy surface. 
Some of these surfaces have been described in Section 8.7 and have been 
quite successful in accounting for our knowledge of stripping reactions at 
thermal energies. The recoil mechanism is not so precise in its predictions or 
in formulating the nature of the potential surface and simply states that the 
pronounced back scattering found in these reactions is due (i) to the 
predominance of small impact parameter collisions in causing reaction and 
(ii) to the essentially binaiy rather than multiple nature of the reactive 
collision. Product back scattering, as in elastic scattering, is due to repulsion 
in this case of the newly formed products. Qualitative factors of interest are 
firstly the early or late release of the energy of reaction and secondly the 
directionality of the incident channel. The latter factor is related to the 
degree of linearity of the transition state and affects both orientation 
dependence of the reaction cross-section and the extent of sideways 
scattering. 

Reactions proceeding via long lived complexes (lifetimes greater than their 
rotational period) are comparatively poorly represented in the beam literature 
in contrast to their important role in very low energy ion/molecule reactions 
and in unimolecular reactions. The reasons for this are probably (i) that 
neutral aggregates of a few atoms of which one is an alkali metal do not 
usually exhibit a pronounced potential minimum in the transition state 
configuration, (ii) most of the vibrational modes of the reactant molecules are 
inactive during the collision, (iii) the reactions studied are all exothermic. The 
only examples of the alkali metals participating in these reactions so far 
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encountered are their reactions with the alkali halides, SF 6  and, possibly, 

H + K2 , H + Na2 . As non.alkali systems become increasingly explored, 
especially those involving free radicals, this type of mechanism will no doubt 
become more common. 

Theory is well prepared to deal with them through conventional transition 
state methods for the lifetime and energy partitioning, by angular momentum 
analysis for the angular scattering and perhaps by the prediction and 
observation of resonances. 

The energy partitioning between translational and internal motion is an 
important additional observable that helps to define the potential energy 
surface. In neutral beam experiments to date, this has been achieved most 
usually by velocity analysis of one of the scattered products. These results, 
taken in conjunction with the mean energy partitioning from infra-red 
chemiluminescence and flash photolysis studies, show that a wide range of 
the total available energy may be found in the rotation and vibration of the 
products, from :~ 25 per cent to virtually 100 per cent. The most detailed 
results in this area promise to come from a marriage of I.R. luminescence or 
fluorescence and crossed-beam techniques by which the angular distribution 
of product excitation can be measured. 

In almost all the reactions so far studied in beams, there has only been a 
single reactive exit channel open. As the relative kinetic energy or the 
complexity of the molecules increases, new reactive channels open up and the 
dimensionality of the potential energy surface increases. The amount of data 
needed to make a choice between various many-body potentials then escalates 
so that detailed analysis of only one of the scattered products becomes 
rapidly less useful. The exploration of these more complicated reactions has 
in the past been confined to bulb kinetic measurements of the reaction rates 
into the various product channels. There is now the possibility with existing 
beam techniques of measuring the relative cross-sections for the formation of 
the various products as a function of the angle and energy of scattering. Even 
under these more complicated conditions, an optical analysis of the true 
elastic scattering remains a simple way of summarizing the effects that 
remove incident particles from the beam. Some of the most exciting 
prospects in beam work are in the field of chemical reaction between simple 
molecules under unfamiliar conditions. New correlations and new models will 
surely be needed as an increasing range of reaction parameters such as 
activation energy and initial electronic state are explored. 



CHAPTER NINE 

Inelastic Scattering 

Although the molecular beam technique has illuminated a whole area of 
• -. 	 chemical reaction and revolutionized the determination of intermolecular 
• 	 forces, its impact in understanding inelastic collisions has been much less 

dramatic. There are two reasons for this. The more important is that 
• 	detection of single quantum state changes or the transfer of small amounts of 

internal energy is much more difficult than the detection of the gross effects 
• 	of chemical change. This has the secondary effect that the theory needed to 

• 	
interpret such results must be correspondingly detailed. Although for a given 
system both reaction and inelastic processes may occur on the same potential 
surface, it is not yet clear how, far the methods of classical mechanics that 
were central to the interpretation of reactive scattering can take us in 
discussing quantum changes. Nevertheless, although not ideally suited to the 

- task, it is probable that classical mechanics will not be grossly in error when 
applied to vibrational and totational energy transfer. 

In this section the reader will not find tables of potential anisotropies or 
• • coefficients giving the dependence of the intermolecular potential on the 

internal co-ordinates of the system. As with relating chemical reaction to a 
poiential surface, one is up against the problem of uniqueness. The terms in 

• an intermolecular potential responsible for inelastic effects can rarely be 
- reduced to a single parameter and in order to Unravel a multiparameter 

situation detailed cross-sections (i.e. those between single quantum channels) 
over a wide angular or energy -range are needed. These are not yet available. It 
is only in curve crossing problems - which result in electronic excita-
tion - that one is possibly dealing with an effect governed by two quite 
different parameters (Section 9.4.iii) whose effects can be separated. 

360 
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The extension of the quantum theory of scattering to more complicated 
systems in which chemical reaction and energy transfer can take place is 
possible in a formal sense and is currently the subject of investigation (R. D. 
Levine, 1969). The required formalism based on the S matrix has already 
been developed in the elementary particle and nuclear physics fields (T. Y. 
Wu and T. Ohmura, 1962). However, methods useful at high energies or 
where only a very few partial waves are involved are less useful in molecular 
systems and there is a great need for approximate methods. In this book we 
discuss these approximations in relation to energy transfer processes since 
theory and experiment can march more closely here and some systems may 
be sufficiently simple to permit comparison of theory and experiment at 
several levels of sophistication. The discussion of the theory given here is very 
much in outline and is intended to illuminate general principles and to show 
what is needed from experiment rather than to provide a working knowledge 
for the theorist. Excellent and more detailed accounts for thelatter purpose 
can be found in R. D. Levine, 1969; N. F. Mott and H. S. W. Massey, 1965; 
D. R. Bates, 1961; M. L. Goldberger and K. Watson, 1964. 

Experimental information on these processes is available from a number of 
sources including spectral line broadening, relaxation measurements of 
various types and shock tube data (R. G. Gordon et al., 1968) but we restrict 
the present discussion to scattering methods. Once again we shall see that the 
beam technique promises unique detail in providing not only probability but 
also phase information. 

Beam measurements on inelastic processes can be divided into three classes 
according to the exact technique employed. There is the 'velocity change' 
method in which the pre and post coffisions velocities are measured and the 
corresponding translational to internal energy change inferred. The 'state 
change' method in which state filters (usually operating on rotation or spin 
state properties) are used to select the incident beam and then to analyze the 
scattered particles. Finally, photon, ion or excited atom emission from the 
collision zone may be monitored. 

9.1 The S matrix 

The elements comprising the S matrix have already been defined in Chapter 6 
as the ratio of the amplitude of the outgoing partial wave in one channel to 
the incident amplitude in some other channel. For the central force elastic 
problem only the diagonal elements were non-zero; in inelastic collisions the 
off-diagonal terms will play an essential role. Of course, as shown in the discuss-
ion on singlet-triplet scattering, Section 6.16, transformation of the S matrix 
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to a new description based on a more convenient set of quantum states may 
diagonalize a matrix that would otherwise appear to involve inelastic effects. 
In this section we assume that such simplifying transformations as are possible 
have already been made. (See also Section 9.3iii.) 

Consider collisions of the type: 

A 7 +B1 	Ak+B,. 	 (9.1) 

where particles in specific states i and / coffide with a velocity corresponding 
to a wave number ka . The wave function for a particular partial wave, 
relative angular momentum 1, in the entrance channel A + B1, which we label 
a, is: 

t/aioR' YioX,)ua,oR)ba 	 (9.2) 

where 0, is the total wave function of the two isolated species A, and B1  
appropriately symmetrised. Ua , m (r) is the translational wave function and 

Ylm is a spherical harmonic. As usual only the asymptotic behaviour of 
Ualm (r) is of importance and we can write: 

U 	 ka 1" 	 ' Eaio e 	
- lii /2) 	 " dai ea' 

- lir/2)j (a) 
&O R-,00  

(9.3) 

Ua'l'm' 
R-+oo 

kd 	e1l1 	- lir/2) 	 (b) 

where in distinction to the case of purely elastic scattering, Equation 6.56, the 
ingoing and •outgoing amplitudes are no longer equal and the inelastic 
channels a' have only outgoing waves. The amplitudes of the outgoing partial 
waves follow from the defmition of the S matrix as: 

da i m  = Saioa'i'm' 2alo 	 (9.4) 

for transitions between the entrance partial wave alo and the exit channel 
a'l'm'. The range of states available is of course limited by the requirement 
that the total angular momentum and energy be conserved during the 
collision. - - 

The boundary conditions of interest in the calculation of cross-sections, 
i.e. an incident plane wave associated only with state a, can be achieved by 
correct choice of the incident amplitudes so that (comparing 
Equation 6.61): 
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2i.'a10  = —i'(41r) k V  (21+ 1) 	 (9.5) 

and 

	

(47)½ (21+ 1)½. 	(9.6) 

Since all partial waves are populated in the incident wave the amplitude in 
any exit chaimel a' must sum all their different contributions, i.e. the matrix 
relation 

	

d=S 	 (9.7) 

must be used so that the differential cross-section for scattering in the 
inelastic channel a' from an incident plane wave in the channel a is: 

I ! 	i'(2l+l)" 	'alO:a'i'm' 
kk a  2i , 	 fm' 

(9.8) 

The sunimation over I 'm' calculates the scattering resulting from a single 
incident partial wave, 1, and the first summation over 1, accounts for all the 
partial waves in the incident flux. 

In the usual way the total cross-section for the processes a - a' is: 

IT 
= 	i (21 + l) i1Szo:,y'1'm' 

2 	
(9.9) 

k. 

The summation over 1' and m' is formally over all the accessible states 
satisfying the energy and angular momentum constraints. 

As already discussed in Section 6.16 the S matrix calculated in one 
representation may be transformed to alternative descriptions if required. 

9.2 Wave equation for inelastic scattering 

The formalism of the S matrix just described is a convenient 'store' for all 
possible experimental information about the molecular collision. The 
calculation of the elements in the matrix, however, must involve the solution 
of the total wave function for the system. As an example of the formulation 
of the required wave equation and to provide a basis for discussion of the 
several approximate methods useful in its solution, we consider (as a special 
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case of Equation 9.1): 

A+B1 	A+B 	 (9.10) 

where A is a structureless particle and B has a Hamiltonian HB(rB) for its 
internal motion (the coordinate rB represents all the internal coordinates of 
.B). After-an encounter at a relative wave- number k 1  the particleB may be 
excited to any of its states which are accessible. The exit wave number k will 
then be: - - - 

	

- 	
-. 	 . 	-, 	- 	(9.11) 

Energetically closed channels will have an imaginary wave number since they 
cannot result in unbounded solutions but only in exponentially decaying 

	

- 	- 	ones. 	 -- 	 - 

	

• 	- 	
-. 	The unperturbed states of the target B are given in the usual way by: 

- 	- 	 - 	- 	• 	(9.12) 

- -. 	
- where E and On  are the eigen-values and functions appropriate to B. The 

	

• 	 Hamiltonian for the complete collision system will be: 

- 	(9.13) 

and V(R,rB) is the interaction potential between A and B. This must be a 

	

• - 	- function of the internal coordinates of B if inelastic effects are to occur. The 
• 	system wave function 0 can be expanded in terms of the complete set O n  as: 

	

- • 	 • 	

'I'(R, rB) ( 	+ 1) ø(r)F(R) 	- • 	(9.14) 

where both the continuum and discrete states of 0 are inclUded. F(R) is the 
• 	• translational wave function in the exit channel n and asymptotically at large 

R will have the form: 

F(R) = eiz + R ' edi?j (x, 0) 	• 	(9.15) 
ik Fn(R)R_iehlRfn(X,cb) 	- 	 (9.16) 

-for the elastic and inelastic channels respectively. With the expansion 
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(Equation 9.14) and the Hamiltonian (Equation 9.13) the total system wave 
equation is: 

(+f)fl(rB)[ — V.1  +E+-_E] F(R)= V(R,rB)'I'(R,rB) (9.17) 

where the result HB(rB) çb, = çbE has been used. To proceed further 
we multiply Equation 9.17 by (rB) and integrate over TB, i.e. all the internal 
coordinates of B, to obtain: 

(h2  
+E_E} F(R)= 	Fm (R) 	(r B )V(R,r B )Øm (r l )drB . (9.18) 

where there is a term on the R.H.S. for each state of the target. This still exact 
result can be written more succinctly by defining a matrix element Vflm  of 
the intermolecular potential: 

' m (R)= 	J(rB)V(R,rB) m (rB)drB 	(9.19) 

so producing the set: 

[Vk]F0 (R)= 	F(R) om (R), 

[Vt + k] F(R) = 	Fm  (R) nm  (R) 	 (9.20) 
In 

We can see from Equation 9.19 that the perturbation must be of the correct 
symmetry with respect to TB  if Vmfl  is to be non-zero. In practice this does 
not yield any useful collisional selection rules except in the limit of weak 
coupling. 

The Equations 9.20 are hardly directly useful as they stand since not only 
is there an .infmite number of them but also most computational schemes 
would be carried out after a partial wave expansion thus multiplying the 
number of equations still further. After applying the partial wave expansion 
to the F(R) and solving the set of Equations 9.20, the S matrix elements 

Snio:n'i'm' would in principle be obtained from the 1th  translational wave 
function once it had settled down to its asymptotic form: 

ej(1cn'R - 17T/2 - 17n'i'm') 	(9.21) 
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If the calculation were started with a wave of unit amplitude in the incident 
channel (nb) we obtain from Equation 9.4: 

Snio:n'i'm' = (-k-) 	Fn 'i'm  e1fln'i'm' 	 (9.22) 

These S matrix elements may then be used in Equations 9.8 and 9.9 to 
compute differential cross-sections. Note that while there will be interference 
between partial waves of different 1' values in a given inelastic exit channel,-
this will not occur between different exit channels since k k u ', i.e. the 
wavelengths are different. 

9.3 Approximation methods 

Further simplificátions must be made if anything but a formal solution to the 
basic Equations 9.20 is required A large number of different schemes have 
been proposed. Almost inevitably it is necessary to close the infmite set of 
coupled equations by selecting only a few channels for calculation, equivalent 
to representing 0 by a limited number of terms in the expansion of Equation 
9.14. In electronic excitation problems this is not a high price to pay because 
the conservation of energy severely limits the number of open exit channels 
and at most one or two virtual states might be required; but for rotational 
energy transfer where a quantum of energy is a small fraction of the incident 
kinetic energy at least ten rotational states might have to be included and 
classical mechanics is strongly indicate4. Approximate quantum methods can 
be broadly classified into those that treat both the internal and relative 
motion quantum mechanically and those that introduce the concept of a 
classical path for the relative motion. Each of these classes can then be 
subdivided by the number of internal states that is included in the quantum - 
description of the target(D. R. Bates, 1961). 

(i) The close coupling approximation 

In this, the most rigorous method, a limited number of channels are selected 
and the resulting set of coupled equations of the form of Equation 9.20 
solved numerically. The effect of including additional channels can only be 
explored by repeating the calculations with an expanded basis set. In this 
method the prime requirement is for a fast and \accurate numerical technique 
and a use of a polynomial approximation to the potential (rather than to the 
wave function) as discussed in Section 6.8 is particularly attractive. The 
incorporation of the special boundary conditions into the numerical problem 
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has been discussed by W. A. Lester and R. B; Bernstien (1968) for the 
particular case of the rotational excitation of a diatomic molecule by an 
atom. 

The Born approximation 

If the coupling and spherically symmetric part of the intermolecular potential 
are weak enough to produce only small changes in the incident wave, i.e. both 
small momentum changes and small transition probabilities, the inelastic Born 
approximation is appropriate. In the spirit of its application to elastic 
scattering, Section 6.5, we retain only a single term on the right hand side of 
the leading equation in Equation 9.20 and replace Fm  (R) by the incident 
plane wave. The amplitude in any channel is then considered separately as 
arising directly from the incident channel and we obtain the completely 
uncoupled equations 

{V +k} F(R)= V j(R) e iki 	 (9.23) 

which clearly give the first order contribution of the coupling potential to the 
scattered amplitudes. In the case of the interaction of a homonuclear 
diatomic molecule with an S state atom, for which the coupling potential 
would contain the factor P2  (cos 13)  where  13 is the angle between r and R, 

Equation 9.23 indicates that only tf = ±2 transitions are allowed (even 
assuming both odd and even I  states to be populated). As in elastic scattering, 
however, the Born approximation in this form is not really applicable to 
molecular problems because of the distortion of the plane wave by the 
diagonal term {p',}.  It is, however, an important method for transitions 
induced by electron/molecule collisions. 

Proceeding in the same way as in the elastic case we can go on to obtain 
the scattering amplitude in the ntI  channel (using vector notation again) as: 

- f(x ) 

= - a - 
2irh2  i. 	

1(R) dR. 	(9.24) 

Distorted wave approximation 

The D.W.A. is a natural development of the Born method in which we use a 
better approximation to the wave function in the incident channel. In place 
of the incident plane wave we now use the wave function calculated assuming 
that F(R) is governed solely by the potential ,V(R), i.e. solving the 
equation 

-f/(R) + k } l4°(R) = F, ° (R). 	 (9.25) 



368 	 Chemical Applications of Molecular Beam Scattering 

As in the Born approximation the excitation is assumed to be direct from 
the elastic channel and as an improvement on Equation 9.23 we have: 

+ k} F(R) = V,(R)F °kR) 	(9.26) 

where F(°)(R) is the unperturbed elastic function from Equation 9.25. 

The advantage of this method is that the p9tential need no longer be weak. 
All that is required is that the coupling between states should be small, so 
that while the diagonal terms in the S matrix may be large the off diagonal 
ones remain small, a fairly common situation. A typical application of this 
approximation is to vibrational transitions in the system He/H 2  (F H. Mies 
1965). 	 -- 

(iv) Time dependent perturbation methods 	 S  

These methods are -semi-classical in nature, using classical mechanics to 
describe the nuclear motion and reserving quantum theory for the internal 
behaviour. A number of different prescriptions have been used Their 

- - common feature is the caliulation - of an average classical trajectory and the 
-donversion of the R dependent matrix elements to an equivalent time 

• 	- - 
	dependent form. At high velocities, for example, the trajectory might be 

approximated by a straight line with the appropriate impact parameter b so 
-that:- 	- 

- 	t=(R2  —b 2 )"/u. 	 -- 	 - 	 (9.27) 

- 	-- 	The standard results of time dependent perturbation theory then yield: 

- 	- 	
=(ih)_ 	Vi(t)a ei(E' - E)t/h 

- 	- 	
1m (j1)_i 	

Vmn(t)an e1(Em_En)t/h - 	(9.28) 

- • The matrix elements are those defined previously but with the R 
dependence replaced by the approximate t dependence and the aI2  are the 
probabilities of excitation to the state n. 

• - - - This approximation is useful under - the usual requirements for a 
semi-classical theory - that the trajectory be well defined so that X << the 
potential range. An additional constraint is that-the energy change be small 
with respect to the incident energy so that the trajectories associated with the - 
inelastic process approximate to the elastic path used in calculating the time 
dependent perturbation. • - 



Inelastic Scattering 	 369 

If the internal motion of the target is also slow in comparison with the 
relative velocity a further simplification, the 'Sudden' approximation can be 
obtained and at t = the final amplitudes are: 

= $ 	
ef-o V(rB,t)dt/h 	dr. 	 (9.29) 

For small transition probabilities a first order approximation to the 
solution of Equation 9.28 is useful: 

a'(b) = (ih)1 $ 
	

V,,(t) eEn_Ei)t  dt 	(9.30) 

and the transition probability i - n for a trajectory following the path of 
integration in Equation 9.30 is: 

= I a—(b) F.  

The total cross-section for the transition is: 

tot = 21r$ b(b)db. 	 (931) 

Expression 9.30 serves to define the regions of strong a 	1, and weak 
an  1, coupling and it may also be noted that Equation 9.29 reduces to 
Equation 9.30 upon expanding the exponential in Equation 9.29 and 
retaining only the leading term in V. Equation 9.30, if valid for all impact 
parameters, is essentially equivalent to Equation 9.24. Inspection of Equation 
9.30 shows that the integrand is composed of a function V 1 (t) that rises to a 
maximum near the turning point and decays again, while the second factor, 

iA e L'tm ,  is a rapidly oscifiating one. In general, therefore; appreciable 
transition probabilities will only be obtained in either near resonant cases (E 

small) or when V,(t) contains a Fourier component of frequency 1XE/h, 
which will lead to a region of stationary phase in the integration of Equation 
9.30. 

(v) Perturbed Stationary State method (PSS) 

In the PSS approximation a different expansion for the total system wave 
function is used. The expression 9.17 in terms of the eigenfunctions of the 
isolated species is replaced by an expansion in the eigenstates of the whole 
system A + B (D. R. Bates, 1961). The aim of this transformation is to 



370 	 Chemical Applications of Molecular Beam Scattering 

diagonalize the matrix {V 11} so that transitions, now due to the dynamic 
coupling of states, are minimized and attention is focused on the non-
adiabatic aspects of the problem rather than coupling through the potential 
energy. The requirement for adiabaticity is that i.Ea/hv > 1, where LIE and 
O are, respectively, the separation between the compound states (a function 
of R) and a is the range over which the new states are a rapidly varying 
function of R. The dynamic coupling can either be due to the rotation of 
the AB system or to the relative radial (R) motion. In atomic collision 
processes in which electronic  levels are excited - for which the method was 
originally devised - this rotational coupling is a troublesome complication. 
Furthermore, collisions of small impact parameters which are usually the 
most important in producing inelastic effects, unfortunately have the largest 
radial velocity so that the approximation can become least useful in the most 
important region. It is at its most powerful in discussing spin exchange 
scattering (Section 6.17 or 6.16) where the new molecular states (defined by 
their total electron spin) can be regarded as completely uncoupled, at least 
for collisions at thermal speeds and nonLadiabatic  effects (spin decoupling in 
this case) only become apparent well above these relative energies. 

(vi) Classical mechanics 

Treatments based purely on classical arguments will be valid under the same 
conditions as described for elastic scattering, well defined trajectories that 
result in momentum changes that are not too small, but with the added 
requirement that quantization of the internal motion must be reliably 
modelled by simple box partitioning of the classical energy and momentum 
transfer. Techniques based on classical trajectories, as is the Monte Carlo 
approach to chemical reaction, Section 8.7, are useful in dealing with 
rotational and vibrational excitation. 

9.4 Experimental methods 

(i) State change technique 

This technique is reminiscent of beam resonance spectroscopy in that both 
selection 'A' and analysis fields 'B' are employed. The RF 'C' field which 
produces transitions in the spectrometer is, however, replaced by a collision 
region; either a cross-beam or target chamber may serve this purpose. The 
resulting transitions are detected by the analyzer field. 

Most experiments of this type have used TIF of CsF in the primary beam, 
molecules with a very large dipole moment which can also be detected by 
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surface ionization methods. M described in Chapter 4, a four pole electric 
field can focus such diatomic polar molecules at a point dependent upon their 
effective dipole moment or (im1) state and their velocity. The combination of 
such a field fitted with suitable stops and orifices to define molecular 
trajectories and a velocity selector can therefore be made to transmit only 
specified (im1) states. 

In the experiments of Bennewitz and co-workers (H. G. Bennewitz; K. H. 
Kramer; W. Paul and J. P. Toennies 1964) total collision cross-sections for 
T1F in the (1,0) and (1,1) states and CsF (2,0) and (2,2) were measured for a 
range of atomic and molecular targets. In this work only a single selecting 
field on the primary beam was used so that the observed total collision 
cross-sections included contributions from transitions to all the accessible 
states. A uniform steady electric field was applied throughout the collision 
zone to maintain the polarization of the beam as prepared by the selector. By 
applying this field either perpendicular or parallel to the relative velocity the 
(1,0) or (1,1) polarization of the beam with respect to the collision could be 
achieved. It was thus possible to make accurate comparisons of the ratio 
a 0 (1,0)1a 0 (1,1) over a range of velocities and by a classical impact 
approximation of the type discussed in Section 9.3 (iv) to obtain estimates 
for the long and short range potential anisotropies q 6  and q 1  2 in a potential 
of the form: 

K RR )12

v=Em
(1 +q12P2 (cos f3))_2(

'R
_m (1 +q6 P2  (cosO 

 j 
(9.32) 

Both selection and analyzing fields were used in the experiments of J. P. 
Toennies (1965; 1966), shown schematically in Fig. 9.1. The second, 
analyzer, field had an acceptance angle of ½0 so that 'either partial elastic or 
inelastic cross-sections, a/ rn  jj'inj'(0 0) for forward scattering into the 
acceptance cone could be measured. 

The rotation period of the T1F molecule is long compared to the 
interaction time of the cothsion, while the energy change (and change in k) 
associated with a rotational transition is only a small fraction of the 
translational energy. This situation is a favourable one for the application of 
time dependent perturbations methods. We may also regard the polar 
molecule as stationary in orientation during the interaction so that the 
anistropy in the potential can be treated by post-averaging the results of these 
computations over all orientations. In this 'sudden' approximation the rotor 
experiences a brief time dependent electric field in which the appropriate 
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field 	 field 	

I 
Polarizer 	 nolyser 

I 	I 
rotor 

(10) (2,0) (3,0) 	 ii 	I I 
Electric field 

 

°Ti 
	

I Detector 

Fig. 9.1 Apparatus used by Toennies to study rotational transitions in TiP 
produced by collisions. The TiP rotational states are selected in the four 
pole electric field on the left and are analysed after collision by an identical 

•  analyser field. The velocity selector is required to define the velocities 
through the electric fields and thus to ensure that only the specified states 
are transmitted. (H. Pauly et al., 164). 

Fourier components can induce transitions Lj = ± 1 for dipole interactions, 
±2 for quadrupole ones etc. 

Experiments of this type in which interference effects e.g. glories, may in 
principle be observed make it possible to determine phase relations as well as 
amplitudes (probabilities) in the exit channels. In comparison most bulk 
experiments yield only the rate constants for processes and hence no phase 
information. 

(ii) Velocity change method 

Measurement of the pre- and post- collisions velocities is frequently sufficient 
to identify the scattering into specific quantum states if these are well spaced 
in energy. The ratio of incident and fmal relative velocities is given by: 

IEE\½ 
VfjI/Vjnijjal = 	

E 	) 	
(9.33) 

where E = 1hjIV2 initial and LE is the exoergicity. The technique becomes less 
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useful at high collision energies or as L.E decreases since the resolution in E is 
limited by the spread of incident relative velocities present in the apparatus. 
In the most favourable case at light test particle in the primary beam interacts 
with a heavy slow target molecule. An additional reduction in the 
contribution of the target velocity can be made by moving .the detector in a 
plane perpendicular to the main and cross-beams since in this configuration 
the target velocity contributes only in the second order. 

The velocity change technique was first used by A. R. Blythe (1964) to 
study the de-excitation process: 

K+o—D 2  (j=2) 	K+o—D 2  (/=0) 

Velocity selectors with a resolution (half intensity full width) of 4.7 per 
cent were used on both the primary and scattered K beams and the ortho D2  
source was operated at 200K so to obtain the optimum concentration of the 

/ = 2 state (55 per cent). Observations were made at a laboratory angle of 3 0  

at which two centre of mass angles can contribute, as shown in Fig. 9.2. The 
narrow CM angle one at 29 0  associated with a fast velocity in the laboratory 

- 

2 

Xf 

\ 	
K7/ 

Fig. 9.2. Newton diagram for velocity change experiment 
used to study the process: 

K+D2 (j= 2)-+K+D2 (j=0) 

A monenergetic K beam is prepared by the first velocity 
selector and the change in velocity after coffision with the 
cross-beam of D2  is measured by a second selector. (A. R. 
Blythe et al, 1964). ' 
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and the wide angle scattering at 108 0  with a slow laboratory velocity. Since 
0(29 )>> 0(108 ) for atomic and molecular potentials, the fast component 
is the dominant contribution to the total signal observed. This narrow angle 
scattering arises from large impact parameters collisions which are unlikely to 
produce inelastic effects so that the more favourable final velocity range for 
observing these effects is that of the slow component corresponding to wide 
angle (CM), small impact parameter scattering. The D 2  excitation process 
/ = 0 -1 = 2 is unlikely to be seen, since a velocity decrease in the backward 
(CM) direction results in an increase in laboratory velocity, and consequently - 
to oirlap with the spread of velocities in the particles inthe fast elastic peck 
(Fig. 9.3). On the other hand the D 2  de-excitation process, rotational - 
translational energy transfer, moves the elastic peck into a velocity region 
where there is only a small elastic contribution so that this is a favourable 
situation for measurement. These• experiments nevertheless were still very 
limited in signal/noise and the cross-section for oj(108°) was estimated as 
0.05 A . As a relatively early experiment (published 1964) it would seem 
worth repeating these measurements with the more intense beams now 
available. 

The velociiy charige method has alo been applied (J. P. Toenniès and 
J. Schottler, 1968; W. D. Held et al, 1970; R. David et al, 1971; P. K. Dittner 
and S. Datz, 1971.) to systems such as: 

Li+H2 (v=0) 	>Li+H2 (v=l,2,3...) 

Li+H+H 	 (9.34) 

K 4 +H2 (v0) 	K+H 2 (v=1,2..) 

where the light mass of the Li ion and the wide spacing of the H 2  vibrational 
levels assist the resolution of the individual state transitions. The apparatus 
used by Toennies ln these investigations is shown in Fig. 9.4. The if beam is 
formed by surface ionization, energy analyzed electrostatically to a spread 
IXE/E 0.4 per cent and pulse modulated with a 50 ns width at a 10 kHz 
repetitiOn rate The beam then intersected the H 2  target formed by expansion 
to high Mach number through a nozzle, fluxes of the order 5 x 1020 

molecules steradian 1  s' being achieved in the target. The ion arrivals at the 
electron multipliet detector were recorded in it 400 channel multi. Scaler 
synchronized to the beam pulse rate A flight time spectrum recorded in this 
fashion is shown in Fig. 9.5. The peak labelled 0 0 is the elastic backward 
scattered contribution, the forward elastic peak is off the figure to the right 
at zero time. These experiments are capable of considerable development and 
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U, 
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0) 
C 

Velocity of scattered K(m s1) 

Fig. 9.3 Plot of the K intensity transmitted through the 
second selector as a function of velocity. The fast (1) 
and slow (2) elastic peaks together with the inelastic 
de-excitation contribution (3) are shown. (A. R. Blythe 
et al, 1964). 

are likely to be an important source of information on translational energy 
transfer processes. 

(iii) Techniques involving ion or photon emission 

In some collisions the transitions may be either directly to ions or to short 
lived electronically excited states. In either case the process can be studied 
since the product ions or photons (formed by decay of the excited species) 
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Fig. 9.4 Time of flight experiment to study processes such as 	.. .. 	 . . 

L1  + H2  (p = 0) 	+ H2  (p). 	 • • - 

The almost monoenergetic Li ion beamis pulse modulated and- the scattered ion arrivals at the detector 
• 	. 	: 	are recorded in a multichannel scaler as a function of their flight time. (R. David et al,197l). 	• 
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Fig. 9.5 Time of arrival spectrum for Li ions inelastically 
- - scattered from H 2  Only ions backward scattered in the CM 

are observed; those forward- scattered arriving before the 
time covered by this trace begins. The peaks are labelled with 
the relevant vibrational transition. (R. David et a!, 1971). 

are both fairly readily detectable and also serve to identify the inelastic 

transition. 
This- class of experiment is usually directed at measurement of a total 

cross-section for some process, but the work of G. A.L. Delvigne and J. Los 
(1971) on chemi-ionization yielded relative differential cross-sections for 

processes of the type: 

(K+Br 
K+Br2 	 (9.35) 

I. K+Br+Br. 

In these experiments a fast neutral beam of potassium was produced by a 
sputtering technique and after velocity selection collided with Br 2  molecules 

in a target chamber. The product ions were scattered through a field free region 
into a detector for IC ions. The results of some of this work shown in Fig. 

9.6, are interesting both in their apparent scaling by EO (which would he 

expected only for elastic collisions) and in the considerable structure 
observed. Similar experiments inwhich total cross-sections for ion production 
from a range of target molecules are measured have been reported by other 
workers (R. K. B. Helbing and E. W. Rothe, 1969; A. P. M. Baede et a!, 1969; 
K. Lacmann and D. R. Herschbach, 1970; R. H. Hammond et al, 1971). 

In an alternative technique an aerodynamically accelerated beam of Xe in 
a He carrier has been used to study the dissociative ionization processes (F. P. 
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Tully et al., 1971;E. K. Parks and S. Wexler, 1971) 

Xe+KBr 	> IC+Br+Xe 	- 

Xe+TIBr 	> T1+Br+Xe 	
(9.36) 

at-translational-energies between-8 and 15eV. 
Experiments in which excitation to levels below the ionization limit was 

observed have been made by using a photomultiplier and interference filter to 
view the coffision zone where beams of translationally (R. W. Anderson et al, 
1969; V. Kempter et a!, 1970; K. Lacmann and P.. R. Herschbach, 1970) 
vibrationally (J. E. Mentall et al, 1967; M. C. Moulton and D:R. Herschbach, 
1966) or electronically (L. J. Doemeny et al, 1969) hot species intersected. 
The theoretical mterpretation of collisions producing electronic excitation is 
not too well developecL -In general the results of these experiments have 

- supported the importance of curve crossing situationi in producing electronic 

• 0 	 100 	 200 	 300 	 400 

- 	E8 (eV degrees) 

Fig 9.6 Differential cross-sections for ionization in colli-
sions of K and Br 2 . The fast K beam was formed by a 
sputtering technique (G. A. L. Delvigne and J. Los, 1971). 
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excitation and in particular Ahe importance of the ionic surface in 
alkali/halogen systems in coupling the various excited states: 

This 'curve crossing' situation is usually treated by the Landau-Zener 
approximation (D. R. Bates, 1961) in which the transitions between states 
occur exclusively at their crossing points and motion outside this region is 
treated as purely elastic on the appropriate potential surface. In this 
approximation the crossing probability at each intersection is given by: 

P12 (b) = 21r V12(Rc)2/[hvr(b)  I(S1 - S2)I1 	 (9.37) 

where V1 2  is the matrix element connecting the two electronic states 
evaluated at the crossing point, S 1  and S2  are the gradients of the two 

surfaces at this point and u,. is the radial velocity at the crossing. Since 
collisions must traverse the crossing region twice, the total probability of 
transition is: 

Probability of remaining in state 1, 

' ii =P 2  +(l —P 12  '2 

(9.38) 

Probability of emerging in state 2, 

12 —2P 12 (1 —F 12 ) 

The P12  in Equations 9.37 and 9.38 are impact parameter dependent through 

Vr(b). Substituting Equation 9.3811 into Equation 9.31 we obtain the total 
cross-section for ion production or electronic excitation as a function of V 12  

and R (there is a weaker dependence on the intermolecular force operating 
at Re).  If R can be located on spectroscopic or other grounds, the energy 
dependence of a](E)  gives V1 2  directly. It must be remembered, though, 
that Equation 9.37 is only an approximate solution of the Equations 9.28 for 
two states and one that becomes less valid the higher Ur. Its validity in any 
particular situation must be checked. Experiments in this area are particularly 
interesting since electronic rearrangement is the immediate precursor of most 
chemical reaction and some vibrational energy transfer. 

Much remains to be done in the field of collisions in which the electronic 
motion is non-adiabatic and their elucidation will remain a challenge to the 
theorist and experimentalist for a considerable time to come. 
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MONTE CARLO SIMULATION OF K+1 2  COLLISIONS AT SUPERTHERMAL 
ENERGIES 

D.R. McDONALD, M-A.D. FLUENDY. K..P. LAWLEY 

Department of Chemistry, University of Edinburgh, 
Edinburgh, EH9 311, Scotland. 

The study of alkali-halogen molecule collisions has recently been 

extended to much higher energies (1) (2). At these energies many exit 

channels including chemi-jonjzatjon and electronic excitation are open, 

so that there is interest in the 'electron dynamics' of these encounters. 

In the limit of strong coupling, however, the motion occurs only over the 

adiabatic potential surface. For the system K+I 2  the Landau-Zener result 

suggests that 80% of trajectories scattering in the EO range below 400 

electron volt degrees move on the adiabatic surface. In this region, 

which includes the classical rainbow for the coulombjc well, the motion 

is thus dominantly on a single surface so that the nuclear dynamics mey 

be explored by classical Monte Carlo trajectory computations. This paper 

describes the results or such calculations. 
The potential surface used in this work is based upon those employed 

by Blais (3) and Godfrey (14); while the initial starting conditions were 

averaged over in the usual way. At the energies of interest and assuming 

motion on a single surface, the processes: 

	

K+12  . - 	K+12 	elastic 

	

- 	K+4 	vib. rot. exctatjon 

	

• 	KI+I 	reaction 

	

+ 	K+I+I 	dissociation 

can all occur. Fig. 1 s'tiows the total cross sections for these channels 
as a function or collision energy. The reactive cross section tails very 

sharply from its value at thermal energies and-the channel-is effectively 

closed above 5 eV. This change results from momentum constrainst which make 

it increasingly difficult to accelerate an iodine ion away from its neutral 

partner during the collision time. Similar factors account for the behaviour 

of the dissociation cross section. This differs at high energies, however, 

where a residual small impact parameter 'knockout' process is still seen. 

This mechanism depends upon the repulsive potential between tle atoms and is 

thus insensitive to the impact energy. 

In Fig. 2 the differential cross section for K atom scattering with an 
energy loss, dE, <0.05 eV is shown, -  this is an approximation to pure elastic 

scattering. At the higher energies the classical, rainbow is seen and the 

average energy loss for trajectories in this E8 region is very 5158.11. The 

average energy loss is much larger at 10 eV (8El eV) and the additional 

IS 
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scattering seen at angles beyond the rainbaw probably arises from inelastic 

effects suggesting that the criterion dE <0.05 eV is now inadequate. At 

1.0 eV the elastic scattering is strongly attenuated by reaction before the 

rainbov region is reached and it was impossible to generate Bufficient 

trajectories to determine the cross section nere; it is cleari,y very small. 

The calculations suggest that at energies >30 eV collieions yielding 

scattering in the rainbov region are predominantly elastic; This region 
may thus provide a convenient vindov. for studying the electron dynamics 

without the more complex reactive or energy transfer processes complicating 

the picture. 

G.A.L. Delvigne and J. Los, Pbysica, 2.. 61, (1972); 
B.S. Duehart, M.A.D. Fluendy and K.P. Lavley, Chem. Phys. Letters, 

l, 129, (1972). 
N.C. Blaja, J. Chem. Phys., 	, 9,(1968). 
M. Godfrey and M. Karplus, J. Cliem. Phys., 4 , 3602, (1968). 

Fig. 1 Potal cross sections for 

reaction and dissociation 

versus impact enerr eV. 

K Atom Scott, rita 

K - I'-. K.1 2  

OVDc5re,, .- 

Pig. 2 I(e)e7'  for elastic K atom 

scattering versus Ee (cv 
degrees) 



Two State Calcu1ttoris on the C0J.11sions of Alkali 

Metal and Ialogen toins at Supertherma): 1•rg1es 

J. F. flcddington,.M. 	D. Fluendy and K. P. Láwley, 

Dept. of Choaistry, University of Edinburgh, Scotland. 

The harpoon lug model of ckesnical reaction 1  in the alkali metal 

(M) + h1ogen (x2 ) systems has served well to describe the observed 

elastic and reactive scattering at thermal energies. 	At higher 

energies a new .e,It channel opens to give M +)C(or X + x). .This 

ion production process can be investigated directly by beam scatteE-ing 

2 
with ion detection in the low eV region , by elastic scattering in 

3 	 4 
the same energy region or by u.v. spectroscopy in v.hich an upper 

electronic state of MX is reached 	predissociation observed. 

The underlying phiomenon is that of non-adiabatic behaviour at an 

avoided curve crossing. 	Two 'diabatic' states of the MX molecule (or 

Mx2 ) cross at relatively large interatomic separations and, under the 

right syiinetry conditions, a marked redistribution of the electron 

density in the true eigenstatcs of the 'system- takes place around the 

crossing. The Landaa-Zener-Stueckelberg (LZS) formula has been used 

alrost exclusively to interpret the spectroscopic and ion production 

results. 	These formulae can be 9Jmmariscdas follows; at a single 

passage of an avoided crossing, the probability of adiabatic behaviour 

s given by 
 

where v is the 'radial relative velocity at the crossing and 



where 	
H 	

R 	 (2) FO 

The overall probability of non—adiabatic behaviour, after two crossings 

.4 to ( 3 ) 

whcre (J is the difference in phase developed between the two 

crossings according to whether the motion takes place in the presence 

of the upper or the lower state potential. Although these three 

formulae have long been recognised to be possibly seriously in error 

in particular circumstances, they do enable the two state probln to 

be thought of in classical terms and they form a convenient point of 

dcparture In analysing results. Thus, the combination5  of the oscillatory 

iw -j(h) 
term in (3), wrItten inthe form e —e 	, with the phase shifts 

developed along the two classical trajectories, that lead to the 

exit channel under discussion, results In S—matrix elements of the - 

following form; 

S1 	'. ((-fl F )e2tl) 	
- 

S2L 	
• 	'(i-F) 

 
(e

U fe9) 
(5) 

where the asymptotic fcrm of the wave function In the _tI-L angular : 

momentum thannel is 

•--->'s 	e 1t/ 	
(6) 

• 	t  



In (4) and (5), the phase shift 	refers to the trajectory that 

switches between diabatic states at both crossings, 
'1,2 to no switching, 

fl to switching at; the firstcrossing only and 
14 

to switching at the 

second crossing; the latter to possibilities lead to exit in channel 

2, the ionic channel. 	All these formulae neglect the possibility 

of specific phase changes occurin,g due to the switching process 

and they also depend upon CJ being greater than Z otherwise the 

crossings can no longer be thought. of as separate. 

Inspection of (4) and (5) indicates two limiting cases. 	Inthe 

weak coUpling case, P(,  is small and the S rnatrix . elements for the 

elastic channel are essentially determined by 12• 	In the strong 
coupling case, 	0.5, Sa àontains important contributions from 

both potentials. The scattered amplitude is given by 

(7) 

and so in the weak coupling case the elastic differential cross section, 

O =frot 2  is essentially that for scattering from the upper 
diabatic state, whereas in the strong coupling case it will contain 

interference terms between wave trains scattered from the upper and 

lower diabatic states. 

In this paper weexplore the validity Of equations (1) - (5) 

for the system K + I in the energy range 20 - 100 eV by solving the 

coupled 2-state problccn numerically within the frarneork of time dependent 

perturbation theory. 	The coupled equations are 

Jai. 
	

kfl  a1 t
2. 



21Q 

where. the coefficients 	are those of the linear combination of. 

diabatic states (taken to be the Heitler London covalcnt and ionic 

forill) e E1 & 

The following analytical potentials, were used; 

BR 	- 
H •I1 	 (11) 

H -- e - VR 
E 1 -E2 = IP- E 

and are displayed in figure 1. 

Typical behaviour of the computed amplitude in the ionic channel, 
2. 

is shoi in figure 2 and is characteristic of weak coupling. 

The overall transition probability as a function of impact, parameter 

oscillates about the LZ value (figure 3), and can be fitted by a 

formula such as (3). At energies above a few hundred eV the phase 

difference (A) falls below 2ii, and the semi-classical treatment 

becomes Invalid. •The envelope of the elastic differential cross 

section at2O eV and 100 eV scales well with EO (figure 5). 	Distinctive 

features are the rainbow at 13 eV degrees and the slow undulations 

in the cross section on the dark side of the rainbow. 	Superimposed . 

on these Is a high frequency structure. 	The rainbows are at the 

position e,.pccted for the shallow diabatic potential that is given 

by 11 11 (11). 	The low frequency undulations beyond the rainbow can 

best be understood from figure 6 in which the two deflection functions 

arising from 11 11 (R) and i192 (r) areplotted. 	The thickness of the 

curves is proportional to the factorsP and (1_Pt) which are not, 

•of course, the complete weighting factor for a sni-classicai branch; 



the classical factor /j 	/(L 	must also' be included. 

There are four branches of the deflection functions that can 

lead to scattering beyond the rainbow. 	The interference structure 

of longest angular period will come from branches A and B, one of 

which is weak and the other strong. . The periodicity of the. 

structure in Cç(e)is predicted to be jk/J-f, close to the 

obsered value. 	Higher frequency structure comes from the Inter- 

ference of branches C and D (single or merged) with branch B. 

The Ionic differential cross section is shown In figure 7 

The sciniclassical scattering is governed by a second pair of deflection 

functions similar to those in figure 6 but deeper because of the 

Coulomb potential operating after the second crossing.' Two 

rainbows of equal strength are predicted and are also disccrnable 

in the exact calculations. 	The structure is, however, confused by 

the multiple possibilities of intcrference between branches of similar 

strength. 

We conclude firstly that the simple LZ formula (1) accounts well 

for the' computed ionic transition probabilities. 	Secondly, that studies 

of the elastic scattering In the Systa K/i in the ener' range 20- 

100 eV will yield some information about the ionic potential and the 

magnitude of the coupling matrix element. 	Scattering on the dart side 

Of the rainbow is particularly relevant in this respect and the 

information gained refers mainly to the repulsive branches of the 

two diabatic defeiction functions. 	Elastic scattering in the halogen 

molecular systn, K/I 2 , would be more dependent on the ionic potcitial 

because of the stronger coupling at the avoided crossing and eerimciital 

studies of both systems in the supertherinal encr' range are in 

progress in this laboratory. 
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Figure 5 	Differential cross section for elastic scattering 
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Atomic scattering from heavy P-state atoms: role of 
depolarization 
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The anisotropy of the potential between two atoms, one at least of which 
has J> 1, can cause partial re-alignment of the electronic angular momentum 
vector (i.e. Mj transitions) during collision. Within the framework of the 
semi-classical approximation, a single parameter akin to the Massey parameter 
is found to determine whether a given system will exhibit strong or weak 
coupling of the electronic to the relative atomic angular momentum. The 
consequence of these two coupling schemes for the position of the rainbow, 
the quenching of glory undulations and the magnitude of the total cross section 
are discussed. Particular reference is made to the metastable 3P2  state of 
Hg and the inert gases where the fine structure splitting is much larger than 
the relevant part of the interatomic potential. In the case of Kr*  and  Xe* - 
the rainbow and glory features are strongly dependent on the initial My state 
of the atom and the glory structure should be suppressed. In contrast, 
scattering from systems such as Hg*/Na  or  Hg*/Hg  should take place under 
weak coupling conditions. 

1. INTRODUCTION 

Atomic scattering experiments, originally confined to the ground states of 
the alkali metals and inert gases, are being extended to an increasing range of 
atoms in many electronic angular momentum states [1-3]. - The interpretation 
of the elastic scattering pattern is then complicated by the fact that the potential 
between two atoms,, one or both of which are in a J> state, depends on 
the magnitude of the component of the total electronic angular momentum J 
along the interparticle vector R. At long range, this effect can be regarded as 
due to the anisotropy of the atomic polarizability which for J> 1  is itself M 
dependent; this,' in turn, gives rise to an 1I( = MA + MB) dependence of the 
dispersion force. - At shorter range, specific electronic interactions are im-
portant and the potential becomes even more strongly dependent on Q. 'In 
the presence of this manifold of potentials evolving from two separated atoms, 
the Coriolis force arising from their relative angular momentum in a collision 
can cause transitions in both M and J. If the Massey parameter ([E'  - Ej .]cr/hv) 
for the atomic spin-orbit coupling is > 1, the only transitions induced will be 
in. together with exciton exchange in resonant - cases. In contrast, for the 
case of small spin-orbit coupling (e.g. in the 2P states of the alkali metals) J 
transitions are readily induced by collision [4-6] and so quenching and mixing 
are both important processes. In the following sections we consider only the 
first Case, i.e. fine structure splitting large compared with the relative kinetic 
energy. - 
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There are various experimental consequences of these M transitions, notably 
in molecular scattering, the depolarization of atomic fluorescence [7, 8] and 
the pressure broadening of spectral lines [9]. In this paper we dwell mainly 
on the elastic scattering aspects of the problem, although all three phenomena 
are intimately linked to the relevant elements of the scattering matrix 

SJMLO, JM'L'N'• For the purposes of illustration, discussion is mainly limited 
to the case of a 3p2  atom interacting with a or 2S atom. 

The distinction has been drawn (e.g. [10]) between strong and weak collisions 
involving linear molecules. In strong collisions the axis of quantization for the 
projection quahtum number (whether of electronic or molecular angular mo-
mentum) follows the rotating interparticle vector during most of the collision 
and so such a quantum number is useful in describing the collision ; in weak 
collisions a space-fixed axis of quantization is appropriate. Throughout this 
paper projection quantum numbers with respect to a rotating axis will be printed 
in upper case letters and space-fixed ones in lower case letters. In the collision 
of two atoms the two types of coupling would be labelled in spectroscopic 
terms as either Hund's case a, b or c (strong coupling) and case d (weak coupling). 
For the purposes of spin-alignment experiments, a rate constant is usefully 
defined, but from a scattering point of view we wish to know if scattering at a 
particular angle (and hence the relevant portions of the potential) can be labelled 
with the initial M or m state of the target, i.e. whether the contributions of the 
magnetic sub-levels can be unscrambled in one or other of the quantization 
schemes. We will find that different portions of the same trajectory may take 
place under different coupling conditions and the scattering phenomenon being 
analysed has to be specified more precisely. Experimentally, some of the more 
important features are (1) the position of the rainbow, (2) the spacing of the glory 
undulations and (3) the total cross section. 

The effect of an M-dependent potential on elastic scattering is two-fold, 
in that both the phases and amplitudes of the diagonal S matrix elements become 
m or M dependent. This can be illustrated by applying the Born approximation 
for the phase shift -q jm  or 71jm  to the two cases of strong and weak coupling in the 
limit of large impact parameters. For a J= 2 atom interacting with an S-state 
atom under strong coupling (with M and M' labelling the initial M states being 
compared) : 

(2I - 2M')I'i = [C6(2, JW') - C6(2, M)]/C6 	 (1) 

and in the weak coupling case 

(1722 	
- 	12 106(2, 2)—C6(2,  1)1 	15 C6(2, 2)—C6(2, 0)1 

< 

- 	8 	c6(2, 2)—C 6(2, 1)1 	2 	C6(2, 2)—C6(2, 0) 

128 	c6 	128 

C6(JM) is the van der Waals coefficient for an atomic (JM) state defined in the 
same way as the polarizability tensor. The dependence of the phase shift on 
the initial orientation of the atom in the weak coupling case is thus only 20 per 
cent that in the strongly coupled case and in this limit scattering will be -insensi-
tive to the initial M state. Conversely, collision cross sections in the strong 
coupling regime will reveal the operation of the anisotropy of the potential 
through their M dependence. 
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We now set up the problem of determining the S matrix semi-classically 
and describe the qualitative features of the solutions so that the boundaries of 
strong and weak coupling can be estimated. These estimates are compared 
with exact numerical solutions of the time dependent perturbation problem 
and some specific problems in the scattering of 3p2  atoms are then discussed in 
detail. 

2. FORMULATION OF THE PROBLEM 

Tet the initial axis of quañtization be the direction of approach, R(t= - co), 
which also d9fines the z-axis. To describe the target atOm (i.e. the partner 
not in an S state) we adopt a rotating frame of quantization, which is appropriate 
to a molecular description of the atom pair and leads to an angle-independent 
potential. Collisions in which M is effectively conserved will be called adiabatic. 

The atomic wave functions at time t are expanded in terms of the stationary 
states Ie> that evolve from the IJM> of the separated atoms at t= ± co 

a(t)>, 
eM 	

(3) 
IIjAMA>IjBMB>. 

The I> are eigenfunctions of the complete clamped electronic hamiltonian 

rB: R). 	 ., 	(4) 

They are thus parametrically a function of R and while we need not specify 
them exactly, their behaviour at large R is given by the standard perturbation 
expressions: 

e2  
IJAMA>IJBMB>+ J  

<JAMAl <JBMB IrA. rB - 3(rA. R)R -2(rB . R) I JA'MA '> I JB 'MB '> 

xIJAMA>l BMB> 	( ) 
EA-EA'+EB-EB' 

E0 EJ+ EJB—; 
JAN.. 

<JA 	IrA. rB - 3(rA. R)(rB . R)R2lJA' ...>2 
EA -E A '+EB-EB' 

The space-fixed and rotating bases are related by 

IJM> 	dAsm( 0 )IJm>. 	 (7) 

where the rotation of the inter-particle vector, making an angle 0 with the z-axis, 
is assumed to be confined to a plane = 0; the d 411 (0) are the rotation matrices 
of order J. On substituting (3) into the time-dependent Schrodinger equation 
and proceeding in the usual fashion to project into each of the (EQ) states in 
turn, the following coupled equations for the coefficients a(t) are obtained: 

-- ihd0=i/1  E <eci 	 (8) 
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Introducing the classical path allows the substitution 

(9) 

where aio operates on the basis IJM> through (7) and alaR operates on the 
second term in (5). The contribution of terms involving a /R is of the form 

	

<ei int  ie'c'> 	 (10) 

E<I 

and so, if the states coupled by the dipole—dipole interaction are well separated 
in energy—as would be true if one of the partners was a ground-state atom-
the effect of the aIaR operator can be neglected in comparison with that of aio 
which couples asymptotically degenerate states. This neglect of-radial coupling 
remains sound as long as the splitting between 6 states remains large compared 
with the splitting between states of different Q. The coupling between magnetic 
sub-states is of the form 

0<601 I><jAMAjBMBI To IJA MA JB MB > fi 	( 11) 

where terms 0(R 6 ) and smaller have 'been neglected and O=L/iR2  used, 
appropriate when no exchange of angular momentum between electronic and 
relative motion ocêurs. States with different 6 are now no longer coupled 
with the neglect of alaR and so JA  and JB  reappear as good quantum numbers. 

The problem is now restricted to the case 	B=° The coupling 
term (11) then becomes (dropping the suffix A) 

J 
 - 

<JM I —a I JM' 	
d- 

> 	dM ± lN(0) - 	 J(0) = R f(J ± M + 	1 )'/2(J M)' 12  
N= -J' 	d 

	

_A 	J 
- MM±1 

and the set of coupled equations reduces to 

—ihd jM =i/1 E 1\MN aJN +EJM(R)aJM 	' 	(13) 

to which can be added the two classical equations for the motion of R and 0 
along a path under the influencç of some mean central potential E(R). The 
diagonal terms in (13) can be written in terms of the C6  coefficients if, as dis-
cussed above, the interaction is not too strong. The nature of the equation (13) 
is such that the amplitudes aj1(t) do not depend on the absolute values of the 
diagonal elements on the right-hand side of (13), but only on the differences 
between them. If all the E 1 (R) are equal, the solutions a 111(co) are simply, 
apart from a constant phase factor, the rotation matrices dMN(0) (where 0 is 
the angle of rotation of R), a useful check on the numerical integration. The 
onset of strong coupling is thus governed by the differences in' the' E 1  and 
the larger the splitting the more nearly adiabatic the motion in that region. At 
sufficiently large separations the diagonal terms become degenerate and so in 
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the initial and final stages of any collision (R --> cc) the space-fixed quantization 
system is good. 

The diagonal terms can be estimated most readily in the limit of large R 
when, as we have seen, the individual atomic quantum numbers are good. 
The second-order perturbation expression for C6  in the Kirkwood-Slater form 
is 

IXZXA(JAMA ) XXB(JB MB )+ zzA(JAMA ) zzB(JBMB  C6(JAMAJBMB)  

EE 	
(14 

EA +EB 

The anisotropy in C6  is thus essentially that of the polarizability Oe and this can 
only be appreciable if the outermost shell is an incomplete P or D one (besides, 
of course, J> ) i.e. if, in the Russell-Saunders coupling scheme, L > 1. Thus 
for a 3P2  atom with one electron in a P shell the maximum possible anisotropy 
(assuming zero core contribution and equal contribution of P-*D and P-*S 
terms) is 

[C6(2, 2) - C6(2, 1)]/C6 = - ; [ C6(2, 1)- C6(2, 0 )]/6 = 

For a 3p1  atom with the same configuration (i.e. a 25'  core), 

[C6(1, 1)-C6(1, 0)]I6= 3 
 T' 

while for a 2P312  atom ('S core) 

2 rr' ( 	) - C6( , )]/C6  = L'-62' 2 

Anisotropies of up to 40 per cent are thus possible, but in the case of the 3P2  
state of Hg and the inert gases, the measured M dependence of the polarizability 
leads to an anisotropy in C6  of no more than 10 per cent [11-13]. 

The magnitude of allthe diagonal elements in (13) is reduced by defining 
/ 	t 

c(t) = a1(t) exp (i E(R) dt/h)
00  - 

to give 

- Z/ICJM = ihL IMl OcJM_, + ZhLMM +lCJM+l 

+ (E 1(R) - E(R))c 1 , 	( 15) 

where E(R) is the average interatomic potential function with respect to all the 
M states. The long-range form of the diagonal terms is now {C 6(JM) - C6}R 6 , 
but in order to integrate equation (14) over all paths some assumption must be 
made about the repulsive branch of the potential and its anisotropy. The 
familiar Lennard-Jones form is adequate for E(R), but we can only guess at the 
M dependence of the repulsive branch of E 1(R). In the scattering phe-
nomena to be discussed, the turning points of the classical motion lie outside 
the repulsive branch of the potential and the results are not sensitive to assump-
tions about the short-range behaviour of E 1(R); the following form has been 
taken 

E1(R)= 
C6(JM) {(a)6(o)12} 	

(16) 
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3. Soiurios OF THE COUPLING PROBLEM 

In order to display the numerical solutions of the coupled equation (13) 
for a curvilinear trajectory more compactly, reduced quantities are defined as 
follows; time is reduced by cr/ri, length by a and energy by jzv 2  (E0 ), where 
v is the initial relative velocity, a the length parameter of the potential and I.L 

the reduced mass of the system. If E(R) can be characterized by two para-
meters a and an energy e, there are then three reduced parameters for the 
coupling problem, b/a, €/E0  and the anisotropy parameters PM = (C6(2, M) - 
(/Iva5 ). In these terms the coupled equations of motion assume the form 

.dcM . b* 
-- = 	 + PM(R* 12 - R*_ 6 )cM . 	(17) 

The parameter PM  plays the role of the Massey parameter, (E - E.)a/hv in 
fine-structure transitions [14]. 

The elasticity of a collision can be described by the modulus of the cor-
responding diagonal S-matrix element. If the equation (17) has been solved 
in a rotating basis, the amplitude of the scattered wave in the original m channel 
(remembering that at the start of the collision m = M) is 

Sjm . jm(t'J)I = I E CmM(co)dM. m (O(b))I, 	 (18) 
M' 

where the rotation matrices dMM'5(0)  transform the exit channel amplitudes 
cMM(co) computed in the rotating system back to the space-fixed system. 
For zero splitting of the Zeeman levels, all off-diagonal elements of S will be 
zero and we adopt for the definition of b 0  a critical impact parameter for coupling, 
b , 

ISjm : jm(b c*)I 09. 	 (19) 

This coupling impact parameter is displayed as a function of the parameter p, 
figure 1. The onset of coupling is rapid and suggests that the concept of a 
coupling radius is a useful one. In figure 2 IS22 :  22(b) I is plotted as a function 
of b*  with the other parameters held constant. The intermediate region of b*, 
in which the space-fixed system breaks down, is clearly visible. The oscillations 
in I SJM. JM(b) I or  I Sjm : jm(1*) I in the close-coupled region are quantum in 
origin but are partly at least due to restricting the basis set to only five states. 
Their presence in principle affects computed áross sections but in practice any 
effect will be blurred by energy and initial-state averaging. 

In order to discuss the effects of coupling on atomic scattering the centre of 
mass angle of deflection, 0, is a more useful variable than b. The dependence 
Of 5JmJrn on 0 is displayed in figure 3. A family of curves is shown for a 
constant value of the reduced potential energy parameter e and various values 
of p; the qualitative behaviour is independent of e. The distinctive shape 
of the curves is a result of two factors. On the large impact parameter branch 
extending from 0=0 to the rainbow angle Or,  the increasing splitting of the 
degeneracy of the Zeeman levels near the turning point causes the rotating axis 
description to improve with a corresponding fall in the overlap IS I from unity 
at b = oo , 0=0. Beyond the rainbow, the decreasing angle of deflection makes 
the two descriptions increasingly similar until at b = 0, 0 =ir they coincide and 

151=1 again. 
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-3 

I-i 

D C 

Figure 1. Plot of the reduced critical impact parameter for coupling (S = 09), bc*, versus P. 
The dashed line is that of the relationship (24) and the shaded area indicates the 
range of values of b* obtained when € varies between 1 and 100. Values obtained 
by numerical integration of the coupled equations (17). 

F 
-07. 

0-6 

0-5 

04 

-0-3 

0- 2 

01 

1 2 3 4 56 7 8 

b 	 - 

Figure 2. Plot of the diagonal S-matrix element for the j =2, m =2 channel as a function 
of the impact parameter b with p fixed at 40, a = 4 A. Values obtained by numerical 
integration of equation (17). The arrow indicates the onset of strong coupling 
given by equation (24). 
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Figure 3. Plot of the diagonal S-matrix element (j=2, m=2 channel) versus angle of 
deflection 0 for a range of p values. is fixed at 033. Values of S obtained by 
numerical integration of equation (17). The rainbow angle Or is indicated. 

We can define a critical radius R e  for the onset of coupling as the separation 
at which the centrifugal and distortion (diagonal) terms in (17) become equal. 
This yields - 

J 	5)1/4 
Rc=j MM±i 	 (20) 

in which the dependence on M is very slight and will subsequently be neglected. 
Alternatively, we may take the ' sudden' solution of the coupled equations; - 

()=exp (_iJd dt/h) (- ), (21) 

where d is the transition matrix on the right-hand side of (17) and the c 6mmon 
suffix J has been dropped. This type of solution has been used by Callaway 
and Bauer [15] in a discussion of the 2p,/,—* 2

p3 / 2  cross section of the alkali 
metals. The diagonal terms in J d dt are a semi-classical approximation to 
the differences from the central value in the adiabatic phase shifts for the various 
M channels ; - - - 

J dMM dt=h-1 J (E 1(t)—E(t)) dt r1JM(b).— J(b) 	(22) 
—oz 

while the off-diagonal terms are proportional to the angle of deflection, 
00 - 	

h 1 J dMM± 1  dt= MM±l°. 	 (23) 

There is complete scrambling among the exit channels when the off-diagonal 
elements (23) become comparable in magnitude to the diagonal elements (22). 
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We thus define a critical impact parameter b e  for strong coupling by equating 
(22) and (23). If both integrals are evaluated assuming a straight-line path so 
that 0 in (23) equals iT, we obtain 

J h1j5 (24) 

where, once again, only the long-range part of E 1(R) - E(R) has been retained. 
Equation (24) sets essentially the same limits to the region of strong coupling as 
(20). Referring to figure 1, the relationship (24) is followed rather well for a 
large range of values of p, but the underlying assumption, that of a straight-line 
trajectory, naturally breaks down for small values of b*. 

4. APPLICATION TO SCATTERING PHENOMENA 

We now analyse some specific scattering phenomena using the concept of the 
critical radius for coupling, R,  and the general topology of coupling illustrated 
by the diagrams of I S(0) 1. In discussing scattering phenomena semi-classically 
or classically (i.e. under conditions of a well-defined trajectory), it is useful to 
have a formula for the deflection and phase shift developed at any point along 
the trajectory. The following approximations, valid in the limit R<<b,  are 
useful 

0(R*) 	 R_ 7 	 (25) 7 EO,7 )  

(R*)* 
(5) R*-5 
	 (26) 

where the long-range part of the central potential is assumed to be - C6R 6 . 

Turning first to the rainbow phenomenon, the angle of deflection 0, can be 
ascribed to a single M state if close coupling, holds over a substantial portion of 
the rainbow trajectory. More specifically, a test can be made for ad,iabatic 
rainbow scattering by requiring that the portions of the trajectory with R> R 

contribute less than 10 per cent to the overall deflecçion. The rainbow angle is 
given approximately (for € 1) by 

(27) 

Combining (24) and (25) gives an approximate lower limit for p if the strong-
coupling condition is to be fulfilled in the rainbow rçgion of 

75b. 	 (28) 

b r* varies only slowly with 	and so the limiting value for p varies between 9 
at 	andl7 at orbiting energies. We can compare this result with the ISI 
versus p diagram for the rainbow impact parameter with a range of € values 
shown in figure 4. The onset of coupling is marked by the sudden fall in ISI 
at p 7, largely independent of €. This is compatible with essentially com-
pletely adiabatic behaviour as far as the rainbow deflection is concerned at p  =9 
(except for reduced energies close to unity) and is in good agreement with the 
approximate relationship (28). Alternatively, we may say that motion along the 
rainbow trajectory is adiabatic when b,  given by equation (24), is equal to the 
rainbow impact parameter. Once again this leads to a range of p values for the 
onset of coupling from 66 as e->O to 20 as 
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Or  

Figure 4. Plot of the diagonal S matrix element (J= 2, m = 2 channel) evaluated along the 
rainbow trajectory versus p. The shaded area indicates the range of values of IS I r 
obtained when * is varied between 2 and 100. 

Considering next the glory structure, the essential conditiOn for the appearance 
of undulations is that there is appreciable amplitude in the elastic exit channel 
for impact parameters around the glory value. The outer branch contribution 
at small angles is always in the weak-coupling region and hence is necessarily 
elastic (see below for a discussion of the total cross section). As a condition 
for the survival of the glory structure we thus take S g =O5. 

Inspection of a typical I SI, versus 0 plot shows that the coupling does not 
change markedly between the rainbow and the forward glory trajectories and 
that a value p 8 marks the rapid onset of coupling on the forward glory path. 
Again this is largely independent of e.  Thus for values of p > 8 we expect the 
undulations in the energy dependence of the total cross section almost to dis-
appear. An inspection of a 0 (E) plots covering a sufficient energy range might 
well reveal the velocity region (around v*)  in which the oscillations die out, 
thus enabling AC 6  to be estimated from the relationship p(v)* = 8 

Conclusions about the survivalof the glory structure in particular are some-
what dependent on the assumption made about the anisotropy of the repulsive 
branch of the potential. If the scattered wave amplitude in the glory, region, 

I S(b g ) I is re-calculated for a coupling potential of the form - C6(JM)R 6 , the 
critical value of p for the onset of coupling is reduced by about 15 per cent. 

Finally, we discuss the M dependence of the total cross section itself within• 
the framework of the Massey—Mohr approximation in which 

gtot2b02+87. J sin2  (b)b db, 	 (29) 
bo  
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where b0  is the impact parameter for random phase, typically given by (b0 ) = 

If a substantial portion of the integral of the phase shift function in (29) is 
determined under strong-coupling conditions (the 'rotating atom' limit), then 

tot is properly labelled with the initial (JM) state of the atom. Under these 
conditions the anisotropy in the total cross section is given by 

(0.tot 	tot)/tot = [C6(J]Vt)215  - C6(JM' )2 15]/C 215 	 (30) 

In contrast, if strong coupling does not begin until separations less than b0  
(i.e. R 0  < b 0 ) the total cross section is that of the initial (Jm) state ('fixed atom' 
limit) and the possible onset of strong coupling in the random phase region does 
not affect the total cross section. Under weak coupling conditions the aniso-
tropy in 0tot  is only ' 20 per cent that given by (30). The anisotropy in the 
potential, LC6/C6  necessary for atOt  to be determined under strong-coupling 
conditions can be conservatively estimated by requiring that R 0  be greater than 
the impact parameter for a phase shift of 01 radian. Using the standard ex-
pression 

71 
-9c6 

(31) 

for the Born approximation to the phase shift resulting from the R part of the 
potential and with R  given by equation (20), one finds 

Strong coupling for &ct, 	C6/ 6 > 1, 

Weak coupling for 0tt, 	LC6/C6<0.4, 

with an intermediate region in which detailed calculation is necessary. 

5. Coicrusior.s 

Applying the above results to the systems H g*/Hg, Hg*/M and Ne*... Xef 
Ne . . . Xe, where M is an alkali metal, leads to the conclusion that, in all these 
systems and probably in every atom/atom system at thermal energies the total 
cross section is determined exclusively under weak coupling conditions. The 
atoms are almost spherically symmetric from the point of view of total cross 
section measurements and so these are not a useful route to the anisotropy in C6 . 
Thus, for the similar case of a 2P312  atom, Ga, the anisotropy in the total cross 
section, (0'312 312tot - a312 1,2tot)/ätot  was found [16] to be between 1 per cent and 
2 per cent with the inert gases He, Ar and Xe as partners. The authors rightly 
interpreted their results in terms of a fixed atom (i.e. angle dependent) potential. 

For Hg*/Hg,  the Slater Kirkwood value of C6  lies between 80 and 100 x 10_60 
erg cm6.; the coupling parameter p then lies in the range 08-1-2 at thermal 
speeds ((7 4 A). The glory structure should thus be intact and the rainbow 
deflection almost independent of the initial magnetic substate ; 'once again 
the Hg*  atom is apparently spherically symmetric as far as scattering experi-
ments are concerned. For the pairs Hg*/inert  gas, C6  is estimated to lie in the 
range 500-800 x 10-60  erg cm6  and p between 4 and 7 at thermal speeds (a in 
the range 4-45 A). These are intermediate coupling cases ; for the lighter 
alkali metals the rainbow will be almost independent of the initial M state of Hg* 
but, depending on the precise nature of the repulsive term in the coupling 
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potential, strong coupling might ensue for the heavier partners. The glory 
structure should still be visible for the lighter partners. For the M*/M  inert 
gas pairs, p probably ranges between 20 and 70 (the size parameter is hard to 
estimate here and is given a value in the range 38-42 A). Almost complete 
quenching of the glory structure is thus predicted and the rainbow angle is that 
of the initial (JM) state and is essentially determined by an angle independent 
potential. In these cases (p 10) elastic scattering measurements made with 
metastable atoms in random mj  states (' unselected ' beams) would show only 
the superimposed differential cross sections from different Mj  states and the 
interference structure from each sub-state would be lost. 
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Abstract. Differential cross sections for the scattering of fast K atoms from Ar have been 
measured for CM collision energies between 50 and 200 eV in the angular range 0-97. Point-
wise inversion of this data yielded a potential for the ground state of this system between 0-2 
and 5-3 eV. 

These measurements were made using a crossed atomic beam apparatus in which a fast 
K atom beam, prepared by resonant charge transfer, scattered from a thermal energy 
target beam of Ar. Potassium ions were produced by surface ionization on a porous 
tungsten disc heated to 1500 K by radiation, the potassium being supplied to the ionizing 
surface by diffusion from the rear of the disc which was bathed with potassium vapour 
at a pressure of about 1 N m 2 . After ionization the K ions were accelerated to the 
required laboratory collision energy and focused into the charge exchanging chamber. 
Here a pressure of 7 x 10-2  N m 2  was very steadily maintained so that about 50% of 
the ions were neutralized in this region. On exit from this chamber the ions were de-
flected and monitored via an electrometer; the fast neutral flux of K atoms remaining 
was collimated to form a well defined beam and finally entered a differentially pumped 
collision zonel In this region the argon target beam produced by effusion through a 
capillary array intersected the K beam at right angles in a well defined volume 4 mm long 
by 2 mm deep by 0.4 mm wide. The Ar beam was modulated by a chopper wheel and its 
intensity continuously monitored by a differential ion gauge and lock-in amplifier 
system which distinguished between changes in beam and background density. An 
electric field located just down stream of the collision zone removed any ions formed in 
the collision. The neutral scattered K atoms were detected on a cold tungsten ribbon 
0.020 inches wide and the resulting K ions counted via a channeltron and discriminator 
into a scaler system, gated in synchronism with the target modulation so that scattering 
from the target could be distinguished from noise. The detection assembly was rotated 
with high precision, ± 0.002°, in a plane normal to that of the two beams so that the 
angular dependence of the scattering could be measured. 

Experimental data such as scaler readings, angular location of the detector, Ar 
target density, time etc were collected and processed on-line by a PDP 11/45 computer 
which was also controlled the angular scanning sequence for the detector. This was - 
arranged so as to sample the angles in a random fashion and to return to the 0° (K beam) 
position at intervals of six minutes so that changes in the K beam intensity could be 
corrected. The computer also monitored pressures and beam fluxes as well as providing 

L190 
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feed-back to the operator as to the progress of the experiment. A typical series of 
measurements at.ã single collision energy took about 1 hours and involved measure 
ments at 400 different angles. 

The energy spread in the collisions as measured by a time-of-flight method was 
0.3 eV and arose predominantly from the temperature of the porous disc. The angular 
resolution using the Kusch criterion was 0.10  in the laboratory frame. At small angles 
the apparatus resolution is a function of observation angle and alters the observed 
envelope of cross section as well as diminishing the amplitude of any oscillatory 
structure. A correction for this effect was computed by numerical integration over the 
beam and detector geometries. At the smallest angles used in the analysis (0.1° lab) 
the correction was 50% but fell off rapidly and was unimportant at 0.5°. Since the 
apparatus geometry can be precisely measured this correction is known to ±5% and 
introduces proportionately smaller errors into the corrected data. 

Measurements of scattered intensity against laboratory angle were made at 100, 200, 
300 and 400 eV potassium beam energies between 0-5° . The data were corrected for 
resolution effects and transformed to centre-of-mass coordinates. In this analysis 
attention is focused on the ground state 2 E potential and a smooth curve was drawn 
through the angular dependence  (some weak oscillatory structure was barely resolved 
at narrow angles and will be discussed in a subsequent paper). Since only relative 
intensities were measured the observed cross sections were normalized at an angle XN 
to those calculated at the appropriate energy from the K/Ar potential of Buck and 
Pauly (1968). This potential is based upon a considerable amount of thermal energy data 
and is likely to be accurate bel9w 0.5 eV, corresponding to scattering in the range 
EX < 100 eV deg overlapping substantially with the present observations, so that XN 
may be chosen in this range. 

-4 
xlO 

005 

b 

X (deg) 

Figure 1.. Comparison of cross sections measured at 200 eV (lab), curve A, and calculated 
from the potential of Buck and Pauly, curve B. The curves are normalized at X = 02°. At all 
energies the observed o(y) falls off more steeply than calculations from the Buck and Pauly 
potential. 
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Each scan of o(x) at a given collision energy was inverted in the region corresponding 
to monotonic scattering from, the repulsive potential to yield the classical deflection 
functions using the relation: 

x 	 1/2 	 ' 

b() = (b2 (X N)_25 	')'') 	 .  sin 

where b(XN)  is the impact parameter corresponding to scattering at the normalization 
angle computed from the Buck and Pauly potential. The results of this inversion are 
plotted as EX against b in figure 2. Data from cross section scans repeated under the same 

LQ 

b(A) 

Figure 2. Reduced deflection function plot from measurements at laboratory collision 
energies of• 400 eV, 0  300 eV, + 200 eV and A  100 eV. Only a 25 % random sample of the 
data points are shown. 

experimental conditions agree well and fall within the size of the symbols shown in the 
figure except at the ends of the accessible range where error bars are drawn. Since all 
these observations were made at small angles this plot is independent of collision energy 
to a very good approximation and the excellent agreement between the regions of E 
which, could be explored at several different collision energies and laboratory angles 
confirms the precision of the resolution correction and normalization procedure. 
Changes in normalization produce deflection functions that diverge from each other 
so that any significant errors in this respect would be revealed in this plot. 

A potential was calculated from these deflection functions on a pointwise basis by 
numerically evaluating the relations (Firsov 1953): 

	

(

b2) 	

(1 	

(b')db' 
V(R) 	1 

	

= E -- 	R = bexp - __ 

	

R 2 	 ItJb (b'2___b2)h/2). 

The mean potential, tabulated at intervals of 0.05 A, evaluated from two independent 
sequences of measurements betwëen.100 and 400eV (lab) is given in table 1. The differ- 
ence between these two independent sets of data is too small to be seen in figure 3, but 
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.Table 1. 

R(A) 	2-80 - 	285 	2•90 - 295 	300 	305 	3-10 	3.15 , 	320 	3-25 
V(eV). 5-68 	4-61 	374 	304 	2.46 	199 	1-61 	129 	1-03 	0-82 

R(A) 	3.30 	335 	3-40 	345 	350 	3-55 	360 	3.65 	3-70 	3-75 	380 
V(6V) 	0:65 	052 	0-41 	.0-33 	0-28 	0-23 	- 0-20 	0-17 	0-14 	0-12 	010 

28 	3-2 	36 	4-0 

RCA) 

Figure 3. Potentials for K/Ar 2 Z 	this work, 	Buck and Pauly (1968), 
Malerich and Cross (1970), - - - calculation of Pascale and Vandeplanque (1974). 

is within 1 % except at the ends of the range where it is about 35 %. The mean potential 
should thus be good to be better than 1 % in the region covered by the table. At distances 
larger than 3.7 A the potential of Buck and Pauly should, of course, be preferred. In the 
range covered by these experiments the potential can be approximately represented by: 

V(R) = aexp(—f3R) 	2.8 < R < 3.8A 

where 

c=6±1x10 5 eV, 	f3=4.13±O.07A -1  

though no attempt has been made to join this form smoothly to the thermal potential 
at their intersection. 

The potential derived in this work is considerably harder than that found by Malerich 
and Cross (1970) who fitted their total cross section data to an inverse power potential 
V(R) = 618/R 725  eV, cf the R 136° ' form, which is a reasonable fit to the present 
work, both results differing very sharply from the potential calculated by Pascale and 
Vandeplanque (1974) and illustrated in figure 3. However, the model Hamiltonian used 
in the calculated potenti involves a crude approximation to the elec'trostatic (polariza-
tion) contribution when theJK valence electron penetrates the argon atom; the sum of 
the radii of the outermost maximum in the K(4s) and in the Ar (3p) electron distributions 
is 2.84 A and imperfections in the ml-Hamiltonian could well be very important even 

4 
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before this separation is reached. The discrepancy between the present results and those 
of Malerich and Cross (1970) may arise from resolution effects in the total cross section 
measurements which are primarily functions of the very small angle scattering. The 
resolution angle quoted in the total cross section work is some five to ten times greater 
than that required to resolve the quantum cross section, so that very substantial correc-
tions are necessary and will be energy dependent. In comparison, differential measure-
ments only require correction at small angles and so substantially avoid this problem.. 
In particular, it seems very unlikely that the R 725  dependence reported by cross could 
be compatible with the present measurements which furthermore at low energies agree 
very well with the potential of Buck and Pauly. 

These results will be of interest not only as an ingredient in the analysisofexcitatidn 
processes occurring in this system (Alber et a! 1975) but also as a standard system with 
which to normalize differential cross section measurements that are difficult to make on 
an absolute basis. 
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Trajectory calculations on the lowest adiabatic surface for K+1 2  have been used to explore reactive and1elastic scat- 
tering in the eV region. These processes are found to proceed by two contrasting mechanisms, one using the attractive 
parts of the potential and the other the repulsive wall. The probability of processes occurring through attractive forces 
decreases with increasing collision energy while the short range mechanism is essentially a two body one with three body 
effects only making a contribution in a limited impact parameter range. A hard sphere spectator model is explored, but 
found to be quite inadequate for energy loss calculations. A spectator model with realistic interatomic forces is, in con-
trast, successful in interpreting the whole range of numerical results above about 20 eV. It is suggested that a two body 	- 
potential will be useful in interpreting even very inelastic high energy scattering provided that the mass ratio is favourable. 

1. introduction 

The collision properties of the alkali metal/halogen 
molecule systems have been very extensively studied 
both experimentally (e.g., refs. [1-3]) and by trajec-
tory methods in the thermal energy range [4-7]. 
These systems are interesting in that curve crossing 
effects between covalent and ionic surfaces are in-
timately involved in the dynamics oithe collision, at 
least at low energies. For this reason it is important 
to extend this work to collisions at high energies-so 
that the role of these velocity dependent effects can 
be explored. Another area of interest is the mapping 
of the actual potential surface or surfaces and it is 
the purpose of the present paper to illustrate the 
changing nature of scattering dynamics on a single 
surface as the kinetic energy increases and to explore 
the validity of various simple models. Non-adiabatic 
effects will then show up as departures from this be-
haviour. Recent work in the relevant energy range 
(1-1000 eV) has explored the differential cross sec-
tion for alkali ion production [8-10], for elastic 
scattering [11,12] and, at somewhat lower energies, 

jeactive scattering [13]. Measurements of the total 
cross section for the production of various ions are 
also available [14-17]. 

Trajectory calculations in this energy region have. 
also been reported. Havemann et al. [18] , investigated 

the exit channels KBr+Br, K+Br and K+BC+Br. 
using exclusively the ionic surface. Van der Meulen - 
et al. [19] studied the KBr product distribution using 
an adiabatic surface (covalent at long rnage, coulomb-
ic at short range). 

In this work we have adopted a similar approach 
to that of Van der Meulen, using exclusively anad 
iabatic surface to examine scattering in the elastic, 
vibrationally and rotationally inelastic, and the dis-
sociation channels for K+1 2  collisions. 

The use of a single adiabatic surface for this work 
means that ionisation and in particular interference 
effects between trajectories scattering on different 
surfaces will not be seen. The results are thus strictly 
valid only in the limit of V12(R),  twice the splitting 
between the adiabatic states, being large. This matrix 
element has been calculated to be ' 0.5 éV for th 
collinear configuration (Grice and Herschbach [201) 
and has been estimated from experimental data On 
charge production [14] as 0.04 eV, the difference in 
these values being at least partly due to orientation 
averaging. Using a mean value of V12(Rc)  of 0.2 eV, 
the probability of leaving the lowest adiabatic surface 
even at 100 eV is less than 0.3 (based on the Landau-
Zener formula) so that the lowest surface can be ex-
pected to yield the major features of the dynamics. 
At-collision energies> 10 eV both the upper and 
lower adiabatic surfaces are effeotively repulsive and 
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the qualitative conclusions'we draw below will not 
be affected by using one surface or the other. 

2. The model surface. 

The coordinate system and equations of motion 
are described by Bunker and Blais [21] .The quasi-
classical assumption is used to obtain the initial rota-
tional and vibrational energies of the 12  molecule 
from the most probable quantum states at room tem-
perature. The initial and flnal separations are chosen 
so thatthe potential is virtually zero and the remain-
ing parameters are taken at random from their statis-
tical distributions by established Monte Carlo proce-
dures. The equations of motion are solved by step-
wise numerical integration and conservation of ener-
gy andbackwards integration to yield the starting 
values are used as checks on accuracy. Energy is con-
served in the longest trajectories studied to better 
than one part in 1000. 600 trajectories were calcu- 

'ctory studies of the collision system k-i-I 2  

lated for each of the 8 collision energies and the ini-
tial and final values of the dynamical variables were 
stored for subsequent analysis. 

The potential surface used is shOwn for a collinear 
configuration of the atoms in fig. 1. It is similar in 
shape to those used by Blais [4] and Godfrey and 
Karplus [5]. 

J" = D 1  [(.1 - exp(-13(R2—R20))2 - 11 

+Aexp(—R 1 /p)+Aexp(--R3/p) 

where the first term describes the 12  bond and the 
two final terms are K1 repulsions. 

= [_2/1 - (0 t0' 2)e 2/21 +A exp(—R 1 /p)+6] 

_[ a3e2  

• 	 +D2 (R 02 1R 2 ) 12 +D3 (R 03 /R 3 ) 12 . 

• The first bracketed term representstheKF interac-
tion, the second term is an ion induced dipole form 
describing the interaction of the ions with the depart-
ing neutral iodine atom and the final two terms pro-, 
vide repulsive potentials between the neutral I atom 
and the K and the 1. 

• 	 The parameters used are as follows: 
,D 1  1.5417eV - 

2  0.642 A — ' Spectroscopic values for 12  [24], 
R 20 =2.66A 

A.. =20700eV , 	 . 11  

ttner [22] 	• 	 - - 

a2  =7.16A3  

a3—. 

6 	-=1.345eV 
- [23] 

D =O.82eV 
Blais [4] 

D3  =1.084eV 
, 

R 02  = 2.84 A adjusted 	• 	 ' 	 '. 	 . 	 .• 
R 03  = 2.00 A. Blais [4] 

- -. • 	 Crossing from the initial covalent surface to the 

.6 

5 

Ri. 

• 	 - 	'.4 

-. 	3 

-. - - 	. R 2  • •. 	• 	 •- - • - 	 ionic, one was arranged so tnat tne motion always tooK 
Fig. 1. Potential surface in the collinear configuration rela- 	place on the surface of lowest energy. Thus recrossings 
tiveto an energy zero of the separated-atoms, contours in - 	were permitted (in contrast with the surface used by 
cv. TheK atom enters the.collision from the top left hand • 	Blais) although these were not frequent at higher ener- - 
corner of the figure. .• - 

	- - . - 
	gies.- Charge migration fom pneiodine atom to-the 
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Fig. 2. Total cross sections for reaction, dissociation and vi-
brational excitation of 12 (internal energy increased by more 
than one vibrational quantum). (---) Hard sphere spectator 
model for dissociation. 

other was also permitted, the criterion once again be. 
ing that the motion should always be on the lowest 
energy surface. (Godfrey and Karplus [5] .) 

(b) 

3. Results 

The total cross sections for the various processes 
possible on the sing1 adiabatic surface used in this 
calculation are shown in fig. 2 as a function of the 
initial relative kinetic energy. The most significant 
feature is the closure of the reactive channel between 
4.3 and 8.6 eV. The cross sections for dissociation and 
vibrational excitation reach a steady value with in-
creasing energy after rising from threshold to a pro-
nounced maximum at around 10 eV in the case of 
dissociation. 

These trends in the various cross sections are pri- 
marily a result of the decreasing duration ofthe col- 
lision which makes it more and more difficult to ac- 
celerate the I atom during the collision, e.g., in the 
case of the reaction process, sufficiently for it to 
catch up with the departing K atom so that chemical 
reaction does not proceed for this mass ratio above 
10 eV. At higher collision energies processes occur 

• Fig. 3. (a) Angular distribution in 100  segments of reactively 
scattered KI. The smooth lines are drawn simply' to aid the 
eye. (—) 0.087 eV, (---) 0.87 eV. 

(b) Probability of reaction as a function of impact param-
eter at several collision energies (eV). 

almost exclusively on the repulsive wall of the poten-
tial surface and the dynamics change from the attrac 
tive to repulsive type. 

3.1. Reaction 

The distribution of the product KI from reactive 
collisions is shown in fig. '3a. At thermal energies the 
product is forward scattered in accord with experiment 
and previous trajectory calculations on this type of sur-
face. At higher energies the distribution becomes more 
symmetrical, as would be expected from the increasing 
importance of small impact parameters for reaction (fig. 
3b),which result in enhanced scattering at larger angles. 
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Fig. 4. (A) Angular distribution (arbitrary units) of K atoms 
after dissociative collision with 12, collision energy 4.3 and 
8.7 eV. 

(B) As in (A) for collision energies of 87, 43 and 17 eV, 
the arrows show the threshold angle for dissociation through 
broadside and end on collisions. (Smoothed histogram.) 

Simple dynamical models using only the attractive 
Coulomb part of the potential suggest a rather abrupt 
cut-off for reaction near 2.5 eV aresult nIcely con-
firmed by the present results summarised in fig. 3b 
and in accord with measurements on the K/Br 2  sys- 

1. 	2 	3 	4 	.5 

Fig. S. Probability of dissociation as a function of impact pa-
rameter, energies in eV. 
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Fig. 6. Mean energy loss on collision as a function of impact 
parameter (—) M.C., (-----) hard sphere spectator model at 
43 eV. 

tern [13] . Reactive collisions above this lilnit involve 
hard encounters and use the repulsive part of the po-
tential until momentum constraints close this channel. 
also.  

3.2. Dissociation 

The dissociation of the target 12,  like reaction ;  al- 
so proceeds by two different types of dynamics. Low. 
values of E (where x is the CM angle of deflection) 
correspond to motion in the attractive part of the 
potential and the departing K atom pulls an I atom 
in its wake. Trajectories of this type produce a "rain-
bow" at Ex = 215 eV°  atcollision energies between 
thresholdandi.O eV, fig.4A. Only sm011 energy losses 
above that required -fordissociation are seen and in-
spection of fig. 6 showsthat the mean energy loss ac-
companying dissociation at first decreases with in-
creasing collision energy. The long range nature of 
these dynamics is shown by the impact parameter 
dependence of the probability for dissociation fig. 5. 
Trajectories of this type sample the - potential surface 
around the attractive bowl and involve the joint mo- 

	

tion of all three 	particles... 	 . 	 S  

In contrast, at collision energies above:1O eV and. 
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almost rectlinear trajectories in which the I1 distance 
is not changed from its initial value and provides a 
measure of the well depth (averaged over orientation) 
in this region of the potential; in this case - 1 eV in 
accord with estimates from the surface (fig. 1). As 
can be seen this well depth is very sensitive to the 

17 
	 location of the valley head in a cut through the po- 

tential along R 2  and different regions of the surface 
in the neighbourhood could be explored by trajecto- 
ries using vibrationally hot 12  targets. The existence 
of this elastic window is valuable since this region is 
of especial importance in determining the nature of 

4.3 	
proximately rectilinear nature of these trajectories 
the reaction dynamics at thermal energies. The ap- 

makes inversion of scattering data to yield potential 
information rather straightforward. 

4. Discussion 

nn 	
4.1. Impulsive models 

Fig. 7. Angular dependence of K atoms scattered after elastic 
collision (zXE < 0.05 eV). 

E 	250 eV°  a short range repulsive mechanism is 
responsible for dissociative K atom scattering. Colli-
sions of this type have a mean energy loss that in-
creases rapidly with collision energy. Inspection of 
typical trajectories of this type show that duration 
of the collision is short in comparison with the time 
required for the separation of the iodine atoms and 
their relative motion is predominantly monotonically 
extensive, suggesting that a simple two body impul-
sive model might be applicable. 

3.3. Elastic scattering 

The angular distribution of elastically scattered K 
atoms (defined as those in which the K atom energy 
loss < 005 eV) is shown in fig. 7. At energies below 
3 eV a rapid fall off at large EX is seen due to chem- 
ical reaction (cf. fig. 3b). Collisions in the range 5-10 
eV show considerable inelasticity but a rather broad 
peak begins to emerge at 150 eV° . At energies 
above 20 eV where the inelastic and dissociative proc-
esses using the attractive part of the potential have 
shut down this becomes a much more clearly devel-
oped peak at Ex = 125 eV° . This rainbow-arises from 

Two very simple models have for some years been 
applied to atom/diatomic collisions. In they  more prim-
itive of the two;the diatomic partner is.regarded as 
spherically symmetric and the energy transferred from 
relative to internal motion is proportional to the 
"energy along the line of centres" at impaàt, i.e., 

1XE(X)cxEsin 2 X/2,  

where x is the CM angle of deflection and Ei  the rel- - 
ative collision energy. In the second model, one of 
the target atoms is regarded as a spectator so that the 
first stage of the collision is an elastic atom/atom en-
counter involving the nearer of the two target atoms. 
The energy transferred to the relative motion of the 
two target atoms is, for the present example of a ho-
monuclear diatomic, - 

= (MK+Mx )/(MK+Mx) 2MK(l — cos®)E, 
(2) 

where e is the angle of deflection in the CM system 
of the K/I pair (see fig. 9). Schottler and Toennies 
[25] have explored both models in connection with 
time of flight spectraobtained for the Na/D 2  sys-
tern at energies upto 40 eV and they conclude that 
for this system the primitive hard sphere model and 
eq. (1) in particular represent the data well. This con 
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Fig. 8. Mean energy loss on collision; (—) M.C., (-----) 
hard sphere spectator model; (—.—.) spectator model. 

clusion does not necessarily hold for other systems 
or at oherenergies. More specifically, for the mass 
combination in which the projectile is much lighter. 
than the target atoms (the reverse of the Na/D 2  
case), the duration of the collision can become very 
short compared with'the (ériod of vibratioii of the 
target (— 1.5 X 10 -1  s for 2)  and there is also less 
"persistence of velocity" in which the projectile con-
tinues to move in nearly the same direction after the 
first encounter thus increasing the chance of a mul- 

Fig. 9. Newton diagram for K/I2 system showing effective 
CM angle, 0 for spectator model, together with the actual CM 
deflection x for the molecular collision. Wi is the CM velocity 
of an I atom elastically scattered in a Kit encounter and meas-
ured with respect to the K-I CM. Wf is the post collision I 
velocity with respect to the K ... I2 CM.. 

tiple collisioh. As a result of both these effects, the 
second target atom does notexperience any perturba-
tion until the projectile has departed — i.e, the spec-
tator model can be expected to become valid for the 
light projectile/heavy target combination at sufficient-
ly high energies. 

The spectator model can be developed further by 
defining a "local" differential cross section, a(0) for 
the elastic scattering of the projectile at one of the 
target atoms. The overall energy loss per second is 
then 

ir 
E =9fEf (1 —cosO)a(e)sined®, 	(3) 

where 9 is the incident flux andfis  the mass factor 
in eq. (2). This result is exact within the frame-work 
of the spectator model and further averaging over the 
orientation of the target molecule does not alter the - 
result since in this approximation both target atoms 
are regarded as independent. Departures from eq. (3) 
may occur in real systems due td (i) distant collisions 
in which both target atoms experience a similar, per-
turbation and energy is thus transferred mainly, to the 
centre of mass of the target, (ii) multiple collisions in 
which both I atoms are struck, (iii): anisotropy in 
o(®), since a bonded atom is not spherically sym-. 
metric, and (iv) non-adiabatic effects The importance 
of these effects may be judged by comparison of this 
model with the Monte Carlo results. 

At the outset, it is clear that neither eq. (1) nor (2) 
can apply at small values of E i  where elastic scatter-
ing is found to predominate --the pure spectator moth 
el would predict some energy loss at any angle of de-
flection. These models must thus be tested on smaller 
impact parameter phenomena. It will be difficult to 
distinguish between the two energy loss equations (1) 
and (2) for the light/heavy mass combination because, 
as can be seen from the Newton diagram (fig. 9), the-
centre of mass of the K/I 2  system almost coincides 
with that of the K/I system so that x e. More pre 
cisely,  

cosx = ( WKcosO+s)/[W_ 3s 2_wK (1 +cose)]' 12 , 

s= [MKMI/(MK+MI)(MK+ 2M1)]VK . 	 (4) 

The spectator model, however, when,used in conjunc-
tion with a known atom—atom potential, has no ad-
justable parameters and we can compare its predictions 
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against the whole range of Monte Carlo results to 
form a good estimate of its validity. 

The simplest model of this type is one in which 
all the atoms are taken to be hard spheres. The dif-
ferential cross section in (3) is then simply i  irr 
where r is the hard sphere diameter, and eq. (3) be-
comes: 

XE(b) 2f(l —b 2/r)E1 , 
	 (5) 

where b is the "local" impact parameter for the K/I 
encounter. An inspection of figs. 5 and 6 in partic-
ular shows that at the higher energies (17-87 eV), 
the system is apparently exhibiting hard sphere be-
haviour, of which the step-like od(b)  and a sharp cut 
off in zE(b) are characteristic. 

There is, however, an important correction that 
must be included if the hard sphere model is to give 
any better than qualitative agreement. Fig. 6 shows 
that, contrary to eq. (5), LE(b = 0) varies in a less 
than linear fashion with E1 , especially at the highest 
energy. In order to account for this an energy depen-
dent collision radius, rc(E)  can be introduced which 
replaces the hard sphere value rc  in eqs. (3)—(5). If 
the model is to retain any physical significance, r(E) 
must be similar to the locus of turning points on the 
actual surface for small impact parameters. The K—I 
model repulsion is exponential and for a head-on col-
lision the turning point is given by 

r0 =pin(A/E), 	 (6) 

where p and A are already given. Thus r0  values range 
from 1.7 to 2.4 A and give a high energy limiting 
cross section that is 10% too small. A slightly ex-
panded set of hard sphere radii (ranging from 2 A to 
2.75 A) can be devised that accounts well for the 
magnitude of the dissociation cross section down to 

12 eV if a small eclipse factor is introduced (fig. 2) 
which allows for the orientation averaged overlap of, 
one target atom by the other, treating each as a 
sphere. 

The effect of long range forces becomes particular-
ly clear in the deviations of odiss  from the modified 
hard sphere values (fig. 2) below 12 eV and'in the 
zE(b) plots at 8.7 eV and 4.3 eV where the hard 
sphere model underestimates iE by almost one half 
(fig. 6). 

Discrepancies remain, however, between the Monte 
Carlo results and the energy dependent hard sphere  

model and in some cases become more marked at 
higher energies. This is particularly evident in the 
mean energy transferred to the relative motion of the 
I atom as a result of a dissociative collision, zEdS. 
This quantity should be rather insensitive to the hard 
sphere model parameters and geometrical factors, 
such as the eclipse effect, largely cancel (to wihin 
5%) 

Ed=fEj[1 _(l — Ed/fEI)]. 	 (7) 

Fig. 8 shows quite good agreenient between the exact 
and the hard sphere results almost from threshold 
until 20 eV, but at 87 eV the model predicts 40% too 
much energy loss. 

These differences between the Monte Carlo and 
the spectator model results can arise either from three 
body effects or the non step-like nature of real inter-
atomic potentials. Three body effects in the hard 
sphere case reduce to a succession of two body colli-
sions in which first one then the other target atom is 
struck. The number of such double collisions in a 
random sample of trajectories is small and decreases 
with increasing energy; furthermore, each such colli- - 
sion may either add or subtract energy from the in-
ternal motion of,the 12.  As a consequence three body 
effects are not likely to be responsible for the series 
failure of the hard.sphere model at high energies. 

The over-estimation of the energy loss by the hard 
sphere model even when total cross sections can be 
reproduced by judicious scaling, arises from the fact 
that real differential cross sections fall off with in--
creasing angle of deflection in contrast to the angle 
independent hard sphere cross section. The real an-
gular dependence of o(®) is clearly visible in fig. 4B 
where the very similar °d(X)  falls slowly to zero after 
rising fairly rapidly from threshold to a maximum. 

ad (e) can be used in (3) to replace o(®) by making 
a simple polynomial fit to the rather noisy ud(X) 
functions in fig. 4B and evaluating the energy trans-
fer integral (3). Very good agreement with the Monte 
Carlo results is then obtained at 87 eV and 43 eV but 
with some divergence already visible at 17 eV (see 
fig. 8). 	 . 
• The last topic to be discussed is the angular de-
pendence of the differential cross section for disso-
ciation (fig. 4B) just beyond the angular threshold. 
At the highest energy, ud(X)  approaches the form 
predicted by the spectator model, with an abrupt 
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cut-off at some threshold angle corresponding to the 
transfer of sufficient energy to piodUce dissociation. 
As the relative energy decreases however the rise 
from this threshold becomes more gradual. The clue 
to this behaviour is the assumption that if sufficient 
energy for dissociation is supplied to one of the 
atoms, the molecule will subsequently fall apart. This 
assumption ignores the centrifugal barrier that is set 
up if the velocity imparted to the I atom initially 
struck has a component perpendicular to the I—I 
bond vector. The barrier is at a maximum for colli-
sions in which the apse line for the local K/I encoun-
ter is perpendicular to the bond and is zero when the 
apse line lies along the bond. From the conservation 
of momentum within the excited target molecule, 
and a knowledge of the attractive branch of the I—I 
potential, the height of this barrier can be calculated 
for any orientation at impact. The threshold angles 
fordissociative scattering in the "end-on" (Xmjn)  and 
"broadside-on" (Xmax)  configurations can be calcu 
lated and are included in fig. 4B. The maximum in 
the dissociative cross section should be reached at 
the angle of scattering for which the target can be 
dissociated in any orientation and is in good agree-
ment with the Monte Carlo results. 

5. Conclusions 

1n the energy range between 0.1 eV and 100 eV, 
the K/I 2  collision system shows the expected change 
froin three body dynamics in which attractive forces 
play a predominant part to the high energy region in 
which the scattering is essentially a two body process 
dominated by the repulsive wall of the potential. 
Above about 20 eV the spectator model accounts 
will for the dissociative process. 

From an experimental point of view; spectator-like 
behaviour can-be established as the dominant mech-
anism for energy loss by first transforming differen-
tial time-of-flight measurements from LAB angles to 
the CM angle (0) defined with respect to one of the 
target halogen atoms rather than the whole molecule. 
If the simple 1—cosO dependence of the energy loss 
is then found to be substantIally obeyed, an elastic 
cross section for K/I scattering can-be usefully de- 

fined and measured at high energies. 
At collision energies above 20 eV observations of 

the narrow angle elastic scattering provide a window 
through which the potential surface in the entrance 
valley can be explored without the difficulty of in-
terpretation inherent in reactive scattering measure-
ments. 
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(Presented by J.M. McCall) 

1 Objectives and experimental hardware 

Atomic and molecular collision processes are normally described 
in terms of interaction potentials between the colliding atoms: 
together with coupling terms which induce transitions between the 
accessible quantum states of the colliding species. Except in very 
favourable situations, these potentials and coupling coefficients 
are not available from theory with any accuracy. Measurements of 
the elastic and inelastic differential scattering cross-sections can, 
however, be interpreted to yield interaction potential and coupling 
coefficient data for comparison with theory (Smith, 1969). 

If the atomic states excited during the collision involve exchange 
of energy between the relative motion of the atoms and their 
internal modes, measurement of the velocity change produced by 
a coffision is sufficient to specify the excitation process. Measure-
ments of the inelastic differential cross-section at a specified initial 
relative kinetic energy thus requires the scattered atomic flux to 

dbe determined as a function of the velocity change and deflection 
angle produced by the atomic collision. Furthermore, if absolute 
differential cross-sections are to be measured, the incident flux of 
both species involved in the collision must be known. 

Fig. 1 shows a crossed atomic beam apparatus designed to make 
measurements of this type for coffisions of alkali metal atoms with 
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Fig. 1 Schematic diagram of a crossed atomic beam experiment showing control and data ports. 
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various atomic and molecular targets. The main features are: 

• (i) There are two beam sources; the primary alkali metal 
beam is well-defined both in direction and in velocity and 
the target atoms form a secondary beam which intersects 
the primary beam orthogonally in a small collision zone. 
A detector, sensitive to the alkali metal atoms, may be 
rotated precisely about the collision zone by a stepping 
motor. It provides a signal pulse whenever an alkali metal 
atom is incident in a small solid angle region about the 
detector position. The angular position of the detector 
relative to the primary beam is measured by a Moire fringe 
device. 	 - 
The primary .beam is modulated so as to produce narrow 
pulses.of atoms at the detector, 100-200 ns in duration, 
and in a regular sequence. Inelastic collisions which trans-
fer energy from the relative motion of the atoms will 
result in atoms arriving with a delay relative to the unscat-
tered species. This delay is recorded by arranging for each 
detected atom to stop the 50 MHz counts from a crystal 
clock into one of the 10-bit scalers in Fig.2. Since the 
primary beam modulation is synchronised with this same 
clock, the contents of the stopped scalers yield the flight 
time to a precision of 20 ns. 

The secondary beam is modulated on and off at 47 Hz 
so that collisions between the primary and secondary beams 
may be distinguished from those occurring between the 
primary beam and the background gas in the apparatus. 
(Fluendy and Lawley, 1973). 
Gauges to monitor the fluxes of the primary and secondary 
beams are provided so that observations of scattered flux 
at different angles and times may be compared. The experi-
ment is carried out in a vacuum of 10-10 torr. 

Beam intensities are limited by space charge and similar consider -
ations while the cross-sections of interest may be very smalL 
Consequently, very long counting times may be required and the 
experiment has been designed to run continuously for periods of 
100 hours. 

The implications for the data capture and experimental control 
system are: 
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Fig.2 Data collection and control hardware. 
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Once the apparatus hardware has been optimised, the data 
rate is a function only of the size of cross-section under 
investigation. Data rates may therefore vary from 106 
bytes s downwards. A large volume of data is generated 
and some reduction in real time is essential. 
The data is organisationally complex, the scattered atom 
flux being a function of arrival time, incident energy, 
primary beam flux, secondary beam flux, scattering angle, 
primary and secondary beam modulation phase, etc. 
The apparatus must be held stable over a long period of 
time and a complex sequence of operations carried out. 
It is necessary to provide some immediate analysis of the 
data so that the experiment may be operated optimally. 

These considerations point to the use of a real time computer 
for data capture, preliminary analysis and control. 

2 implementation 

Fig. 1 shows the control and data ports. The information flow may 
be summarised as follows: 

Control 
The primary beam modulation and the detector position 
may be altered by software instructions. 
Data 
Information from the apparatus falls into three overlapping 
categories: 

information on scattering processes, i.e. arrival times 
and secondary beam modulation condition; 
data to allow construction of differential cross-
sections at a later stage, i.e. detector position and 
beam fluxes; 
data to allow assessment of the quality of the experi-
ment in real time, i.e. beam fluxes, etc. 

Fig.2 shows the data collection and control.hardware in detail. 
Since the computer is a time-shared system; the guaranteed - 

interrupt service time is significantly longer than that of a dedi-
cated system. For this reason some data buffering is provided in 
the interface. This is particularly necessary at small scattering 
angles when differential cross-sections become large and high data 
rates occur. At such rates the prime requirement is not to capture 
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all the arrivals but to ensure that a representative sample is recor-
ded. If the arrival rate exceeds the service rate, a bias towards 
arrivals early in the modulation sequence is produced. To avoid 
this, it is necessary to capture all the arrivals associated with a 
specific modulation pulse of the primary beam; it is not, however, 
necessary to do so for every primary beam pulse. In other words, 
short periods of short service time with sufficient capacity to 
record all the atoms scattered from a single modulation pulse are 
required. The average service rate, however, can be quite low 
since it limits only the final rate of data collection. This is not an 
important constraint at high arrival rates since the observation 
times required to obtain the desired precision are in any case very 
short. In this system the average data transfer rate is 2000 bytes i 
but can be considerably lower if many other users are operating. 
Buffering four arrivals is sufficient to cope with scattered fluxes 
up to 8x105  s 1 . 

At the other end of the dynamic range, when the count rate is 
low, interrupts are generated at fixed time intervals by the 
modulation word counter to ensure regular sampling of the other: 
experimental variables. 	 - 

3 Software 	 - 

Fig.3 illustrates the software organisation. The design principles 
followed in its construction may be summarised as follows: 

Data once validated are protected against accidental loss or 
corruption. 
The system is robust and, as far as possible, self-checking so 
that operator or hardware errors are detected and damage 
to hardware or corruption of data are prevented. 
Detected errors (requiring repositioning of the detector, 
the rejection of corrupt data, etc.) are either rectified 
under program control or reported to the opbrator and data 
collection is suspended. 
Operator intervention is kept to a minimum and is required 
only in the initial setting up and in the event of a major 
failure. When the operator has to be involved, the programs 
are designed to be highly conversational and self-instructive. 
The system is flexible so that minor failures in equipment 
can be circumvented. 
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Fig.3 Organisation of the experimenter's software. 
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(vi) Control functions are initially validated by manually step- 
ping through the instructions using program listings. 

After initialisation by the experimenter the system collects data 
at a pseudo-random series of observation angles in a fully auto-
matic fashion. Information is printed on the console at regular 
intervals or on demand so that the experimenter may assess the 
quality and progress of the experiment. If there are serious errors 
in the data or if the performance of the apparatus drifts outside 
specified limits, data collection is suspended and the experimenter 
alerted. 

The experimenter may interact with the system in two ways, 
either via sense switches to override or alter the data collection 
procedures, or via the teletype/graphics terminal to examine and 
partially analyse the collected data. In the latter case data collec-
tion proceeds normally. 
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Fig.4 Schematic diagram of the on-line computer hardware. 
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4 Computer hardware and software 

The present hardware configuration is shown in Fig.4. The heart of 
the system is a PDP 11/45 central processor with a number of peri-
pheral devices. It acts as a shared, real-time data collection system 
rather than as a batch processing system or a remote job entry 
terminal. For large-scale analysis, data may be transmitted via the 
synchronous link either to the IBM 370 at Newcastle or to the 
ICL System 4 in the Edinburgh Regional Computing Centre 
(ERCC). 

The system software on the PDP 11/45 was wntten by the ERCC 
(Hayes, 1975). Each user program has a separate virtual address 
space maintained by the memory management unit. The super-
visor dynamically allocates the space required and will swap pro-
grams using the drum if necessary. A clock is used to time-slice 
running programs, all of which have the same priority, Input/out-
put is performed using 'EMT' instructions which are interpreted by 
the supervisor; where necessary a buffer is provided between the 
user program and the device. 

In addition, a number of general utility programs are available. 
These include 

Text editor; 
PAL 11 R assembler; 
File manipulation program; 
Archiving program to copy files to magnetic tape; 
'BASIC' interpreter. 

Large programs are usually written in 'IMP', a high-level lan-
guage of the 'ALGOL' type, much used in Edinburgh. A cross-
compiler and assembler have been written by the ERCC (Yarwood, 
1975). A cross-loader is not available, so the binary code is 
punched on paper tape and loaded into the PDP 11/45 at a later 
stage. Small test programs may conveniently be written in assem-
bler language and assembled on the PDP 11/45. 

5 Summary and future developments 

The concept of the multi-access system has been found to be 
sound both in satisfying the requirements of the users and from 
an economic point of view since users can pool their resources. 

As far as the experimental system is concerned, future develop- 
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ments will be concentrated on providing more computer control 
of apparatus functions. This will be implemented using our own 
interface hardware rather than commercially available equipment 
such as CAMAC. The advantages of the latter, including versatility 
and saving in development, are severely outweighed by the cost 
element especially in a small installation such as ours. 

Much work remains to be done on the software especially on 
the on-line analysis of raw data. 
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Discussion 

Pyle (York): Can you estimate the cost of designing, constructing and corn-
missioning the interface between your apparatus and the PDP 11? 

McC'all: We have one electronics engineer who has spent one year designing, 
testing and building the coupler. Research students have contributed as well 
but they cost nothing. The electronics components cost about £500. The 
total cost was one year's salary plus £500. 

Pyle: Do you know how much it would. have cost to do it in CAMAC? 

McCall:I do not know as the s3stem was designed before I came so it was not 
my decision. As far as I can see, CAMAC would have cost us quite a bit more. 

Rosner (Rutherford): Why did you not use the manufacturer's operating 
system? 

McCall: That was not my decision either but the decision of the Physics 
Department who had the services of the computing centre consultant free of 
charge. He was able to do this sort of thing in his spare time so we do not 
have to buy DEC software which is quite expensive. 

Rosner: Why did you not use an existing high-level language for the PDP 11, 
suchasPLil? 	 . 

McCall: There are moves to start using it. The reason for using an IMP corn-
piler at the moment is that the language is supported by the computer centre. 
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The differential scattering pattern of a thermal beam of Hg(6F 2).fromCO, N2  and-  CO2 -has been 
measured from 100  to 160° (CM). Pronounced and regular oscillations are observed over the 
whole angular range in each system. However, the envelope is not that of purely elastic scattering, 
the x1113  sin x!(x) plot showing an almost monotonic decrease over the whole angular ran. The 
spacing of the oscillations indicates a deflection function with an unusually broad bowl, interfering 
branches being 3 A apart. Two models are put forward; both include partial adsorption of the 
wave front and the operation of two potentials. Detailed fitting of one model shows that a highly 
attractive long range potential (well depth 10 kT) is needed, but although the interference structure 
is well reproduced, the necessary range of the optical potential is not consistent with known quenching 
cross sections. A second model is given in outline and involves an avoided crossing around 8 A 
producing a rapid steepening of the potential gradient at that point. Quenching begins at impact 
parameters -P7 A thus indicating a very large quenching cross section unless a rather sharply peaked 
adsorption function is postulated with a width of only —4 A to give the known values of o. 

- The scattering of many ground electronic state species has now been thoroughly 
explored over a wide energy range by crossed beam techniques. The scattering of 
low lying excited electronic species remains largely unexplored and is, in a sense, 
complementary to ground state scattering in the 10-100 eV range in that there elec-
tronic excitation is frequently observed in the products. By starting-with an excited 
state (of necessity a metastable one for beam work), curve crossings and diabatic 
state mixing become accessible at thermal kinetic energies, and may be expected to 
lead to marked inelastic scattering. So far, excited state phenomena have largely 
been studied through kinetic spectroscopic observation of quenching or collision 
induced fluorescence 1.2  though the more energetic metastable species (those of the 
inert gases) have been used in elastic 3  and Penning ionization studies. 4  Only relative 
quenching cross sections for HgP 21) have been measured in a beam experiment. 5  

Hg(63P2) is an attractive candidate for beam studies in that the nearest electronic 
state (the 3P1) is only 0.57 eV away and provides a route for quenching. - The J = 2 
stateis not- sufficiently energetic (5.4 eV above the ground state) to ionize most small 

• mo1ecule. The following studies of the thermal elastic scattering (or, -  rather, 
scattering without change of electronic state) of Hg*  by CO, N2  and CO2  were 
undertaken to see if more light could be cast on the known quenching processes in 
these systems by examining the perturbation of the elastic scattering differential cross 
- section. - - 

EXPERIMENTAL 

- The crossed beam apparatus has been described before. 6  Hg(3P2  with less than 15% of 
the 3P0  state 7)  is generated by electron bombardment (at 10 eV) of an effusive beam of Hg 
and crosses a thermal effusive beam of the target gas. The angular resolution is 0.5° LAB. 
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The detector, a fresh K surface, responds to the 3P2  state, to the 3P0  state with probably 
lower.efficiency but not to the ground state. The 3P1  state decays in flight between scattering 
centre and detector (transit time 5 x 10 s) and so is not detected. Typical main beam 
signals were 1W c.p.s. and counting techniques were used. 

The CM scattering patterns, averaged over the stated number of scans, are reproduced 
as the lowest curve in fig. 1, 2 and 3. The factor x 413  sin  x multiplying the scattered intensity 
conveniently places all the observations within the compass of a. linear scale and renders the 
envelope of scattering from an R1  potential horizontal. The location of the major maxima 
and minima is reproduced in independent sets of four or five scans, though the peak-to-valley 
amplitude ratio varies. The envelope is unchanged by selecting different scans for averag-
ing. The sudden fall-off in intensity at less than 16° is due to imperfect unfolding of the main 
beam coupled with the attenuating effect of the x413  sin.  x term at small angles. In the case 
of CO, closer examination of the data shows a barely visible high frequency structure in 
the 16_200  CM region with a period 1.25°. 

iNTERPRETATION AND FITTING 

- The three scattering patterns are broadly similar (CO and N 2  being very similar) 
in the following respects: (i) the envelope is basicallyptQnicallydecreasing-across 
the whole is a maximum around 90-100° 
(;eis X2)  and there is a pronounced perturbation of the envelope at 20° in the 
case of COand N2  and at 80° for CO 2 , labelled as Xi'  (ii) oscillatory structure 
with an only slowly increasing period extends across the whole angular range, but 
the amplitude is not regular and is clearly, perturbed by another frequency. 

The envelope must be compared with that expected from purely elastic scattering. 
For a potential with an R attractive branch a horizontal (s = 6) or slowly rising 
(s < 6) envelope with increasing x is found; The absence of a well defined rainbow 
(the features at X2  do not fall away quickly enough on the dark side to be typical rain-
bows) may either mean orbiting, the superposition of scattering from several rather 
different potentials with an overlapping rainbow structure or extensive adsorption 
of the incident wave front beginning at impact parameters somewhat greater than the 
rainbow value. - 

The fact that interference structure is visible at all makes it unlikely that several 
rather different potentials are operating, for then the supernumerary spacing would 

- be confused by the multiplicity of interfering branches. Although orbiting cannot 
- be ruled out, it would upset the regularity of the supernumerary spacing by introducing 
further interfering branches (albeit of small amplitude). The same considerations 
apply to rainbow angles greater than 180°. 

The near regularity of the interference structure across such a wide angular range 
(especially noticeable in the case of N 2) is unusual because supernumerary rainbow 
spacing (or inter-branch interference in general when both branches correspond to 
deflections in the same sense) usually decrease markedly with falling angle of observa-
tion as the two branches diverge in impact parameter. The present structure seems 
to indicate a dominant deflection function with nearly parallel sides, i.e., that the 
rainbow angle is very large. The fact that the period of oscillation of o-() nevertheless 
slowly increases with angle indicates that we are not observing interference structure 
arising between the positive, and negative branches of a deflection function. 

Putting the remaining experimental observations and the above deductions 
together, we arrive at the simplest model (I) for a trial fitting: 

(i) The scattering is predominantly from a single deep potential that gives rise to 
a rainbow ?180°. 
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The dominant potential must lead to a deflection function in which the separa-
tion of the two attractive branches is z 3 A at small angles (from &X = 2ir/kAb). 

Scattering from a second, shallower potential is needed to account for the 
maxima in the envelopes of the CO and 142  date around X2  and the change of gradient 
of the CO2  scattering in this region. These rainbow positions serve to fix the well 
depths of the shallow potentials. 

Adsorption sets in early on both surfaces and is responsible for the faffing 
envelope of o(). 

The very high frequency structure with poorly resolved periodicity of -1.25°  
is interpreted as glory oscillations (interference between the positive and negative 
branches of the deflection function around x = 00) and serves to assign the impact 
parameter b0  for the inner zero of the deflection function at 5.3 A in all cases. In 
fact, there is not too much latitude in this value if a sensible length parameter (position 
of the inner zero, a) is to be obtained for the potential especially when very highly 
attractive potentials are operating. 

With two potentials the possibility of mutual interference arises. Two different 
fits were obtained, with and without inter-state, interference. Such structure, being 
predominantly between the outer attractive branches of two deflection functions, is 
inevitably of much lower angular frequency than that originating across a single 
deflection function unless the two deflection functions are considerably displaced from 
each other—in this case by -3 A. In the present model the dominant source of 
interference structure is between the two negative branches of the deep deflection 
function; inter-state interference produces only a small change in the scattering 
pattern, but agreement with experiment is marginally improved. 

In order to fit the scattering pattern, a flexible deflection function divided into 7 
sections was employed. In each section a simple functional form was adopted 
subject only to the constraint of a smooth join to the neighbouring sections. In order-
to complete the partial wave summation, the deflection function was smoothly joined 
to a tail resulting from the following C 6  values; Hg*/CO,  0.83 x 10" J m; 
Hg*/Nz  0.77 x l0 J in6  and Hg*/CO2,  1.12 x 10-  J m6. It was found in all 
three systems that an R potential could not be used for impact parameters less than 
-10 A since it gave too slowly varying a deflection function for x> 15°, but C 6  
is not well determined by the present experiments. 

The best fits are shown as the upper curves in fig. 1, 2 and 3, the associated deflec-
tion functions in fig. 4, 5 and 6. The potentials derived by Firsov inversion of these 
deflection functions are plotted in fig. .7, 8 and 9. 

DISCUSSION 

The overall fits are good. Both the dominant angular structure and the envelope 
are 'well reproduced, with only isolated features such as the dips in I()  at Xi  un-
accounted for. However, this agreement is achieved only with the aid of a pair of 
unusually long range potentials and an equally long range adsorption function. 

In fig. 7 the Hg*/CO  potential' is contrasted with a Lennard-Jones potential with 
the same well depth and R. value. The much greater width of the potential bowl 
is apparent. The range of the outer branch of V(R) comes directly from the range 
of the outer branch of x(I) and this, in turn, comes inescapably from adding the 
glory l value to the width Al across the bowl dictated by the dominant interference' 
structure. . Thus, at x = 400 a Al value of 90-100 is required, giving an impact 
parameter for this deflection of -7 A. 

The adsorption function P(b) has to be similarly long range, rising to 0.9 at 9-10 A, 
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FIG. 1.—Observed angular scattering plot for Hg*/CO (lowest trace), velocity = 680 m s7l , number 
of scans = 9. Calculated curves (a) and (b) differ only in the upper state deflection function while 
(c) incorporates interference between upper and lower states (see fig. 4). A displacement of the 

upper state clearly has little effect on the calculated scattering pattern. 
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FIG. 2.—Scattering in the Hg*/Nz  system. Experimental, lowest trace velocity = 614 ms', number 
of scans = 4. (a) is calculated from the sum of scattering from a deep and shallow potential (see 

fig. 5), (b) includes interference between them. 

so that the scattering down to 200  is affected. The behaviour of P(b) for b < b0  
is not really probed by the present experiments. The maximum adsorption cross 
section implied by the above adsorption function is &350 A 2  and the minimum 
270 A? in the case of N2, where the two possible shapes of P(b) are sketched in fig. 5. 
Implied quenching cross sections are slightly larger in the other two systems. Other 
quenching and depolarization cross section measurements on Hg( 3P2) are few and 
may be summarized by saying that with N2  as partner the total quenching cross 
section (i.e., to all possible final states) is 8.9.5  11-19 A2 ; with CO2  as partner the cross 
section for 3P2  —f 3P1  is z 0.4 A2  and with CO as partner the cross section for the 
J = 2 —* 1 transition is similar to that with N2. The depolarization cross sections 
are all much larger 8  (up to —600 A2) but they seem to be due to a long range angle 
dependent term in the potential, probably a quadrupole-quadrupole term not con-
nected with electronic state quenching. 
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FIG. 3.—Scattering in the Hg/CO 2  system. Experimental, lowest trace velocity = 466 m s74 , 

number of scans = 6. (a) Is calculated from the sum of scattering from a deep and shallow potential 
(see fig. 6), (b) includes interference between them. 
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Flo. 4.—Deflection and adsorption functions for fig. 1 (Hg/CO). The two functions 	give rise 
to the plots (a) and (b) in fig. 1, - - - to plot (c), both taken in connection with the lower state—; 

b-scale in A. 

An observed quenching cross section of —20 A2  implies a maximum impact 
parameter for quenching rather less than 3 A. This range of attentuation function 
would, however, produce no detectable effect on the elastic scattering in the angular 
range of the present experiments unless the intermolecular potential. were of rather 
short range. However, the interference structure points to an unusually long range 
potential. 

In interpreting an elastic scattering envelope, there is a direct relationship between 
V(R) and the adsorption function necessary for a fit. Classically, the differential 
cross section is proportional to Id/dbI'P(b) and without an independent knowledge 
of P(b) one cannot unambiguously separate the two terms. In the present case, if a 
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00 

Fin. 5.—Deflection and adsorption functions for fig. 2 (Hg*1N2).  The function 	gives rise to the 
best fit including interference, --- to the best fit without interference with the lower state -. 
Two possible continuations of P(b) are shown leading, respectively, to the maximum and minimum 

quenching cross sections compatible with the postulated deflection function. 
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Fin. 6.—Deflection and adsorption functions for fig. 3 (Hg/CO 2). 	function gives the best 
fit without interference with the lower state 	, --- optimises the fit with interference. 

less steeply rising P(b) is required, a more steeply falling deflection function must be 
employed. In order to preserve the periodicity of the observed interference structure 
the inner negative branch of the deflection function must be softened as the outer 
branch is hardened. 

A rapidly varying potential at 8 A (close to the smallest angle of observation) 
suggests an avoided crossing in which the diabatic Hg( 3P2) - AB(1E) pair state is 
depressed by interaction with another close lying state. A rather sudden change in 
gradient of the potential would produce a dip in a(r)  and tentatively we assign the 
perturbations at Xi  in each of the systems to this cause. 

.11 
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Fio. 7.—Potentials for Hg/CO. The two upper state potentials 	and --- are derived from the 
corresponding deflection functions in fig. 4. Inset is the Lennard Jones function having the same e 

and R. values; R scale in A. 

8 	R 

LO[ 

Fio. 8.—Potentials for Hg 1 /N 2 . The upper state potentials 	and --- are derived from the cor- 
responding deflection functions in fig. 6. 
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FIG. 9.—Poteatials for Hg/CO2 . The upper state potentials 	and 	are derived from the 
corresponding deflection functions in fig. 7. 
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Trying to accommodate the quenching data within the limits set by the scattering 
results, we construct model II: 

The small angle scattering (X < x) is from a single potential identified with the 
shallow state of model I. 	 / 

This state is perturbed by a second state at a separation R 	8-8.5 A. The 
crossing is sufficiently avoided for the motion to be almost adiabatic and most of the 
trajectories follow the lower surface. Nevertheless, sufficient amplitude (-10%) is 
found in the upper state for the shallow rainbow at X2  to be observed, though with 
low amplitude. At some impact parameter less than b, adsorption ensues on the 
lower surface and reaches 90% by the time the forward glory on the lower surface is 
reached. 

it 

cp 

xI  

x2  
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Fio. 10.—The type of deflection functions needed to minimise the opacity function. The upper 
state x(b) is taken unchanged from fig. 4. The lower state function is sufficiently steep to produce 
the observed envelope of a(x). Two possible extrapolations of P(b) are shown, the lower one 

leading to Oqu 30 A2 . 

The steepness of the attractive branch of the lower surface is at least three 
times greater than in model I in order to permit a much reduced P(b) function at 
large b. The broad features of the deflection function and P(b) function indicated 
by this model are given in fig. 10. The softening of the inner attractive branch is 
apparent, though it must be remembered that phase shifts in the presence of an optical 
potential do contain a contribution from the imaginary part of the potential and it is 
by no means clear that the ordinary semi-classical analysis holds. The inner branch 
to the potential must thus be regarded as conjectural. Even with an almost vertical 
outer branch to (b) adsorption must set in rapidly at b b1  (the rainbow value) 
and unless the P(b) function is restricted to a band of b values between 5 and 6 A the 
implied value of the quenching cross section is still 150 A in each system. 

The configuration interaction responsible for the perturbation of the outer branch 
of the potential energy function is still a matter of conjecture. A steeply plunging 
ionic state (HgAB seems the more likely charge distribution'°" in view of the 
high I.P. of the molecular partners) has been postulated in the quenching of Hg( 3P2) 

by Na, but none of the present molecular partners has a positive electron affinity13 
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and a crossing of the 3P2  state at 8 A hardly seems feasible. More likely as the 
source of the perturbation is the interaction of the Hg( 3P) - AB(') pair state with 
the state dissociating to Hg('S0) - AB('. 3119). All three molecular partners have 
excited states close to 6 eV in which the hr 6  orbital is occupied and this level is nearly 
resonant with the Hg .P2  level at 5.4 eV. Although the overlap of the relevant orbitals 
would be small at 8 A (neither the 6p nor hr orbitals are grossly different from 
highest occupied orbitals in the ground electronic states) 13  the interaction energy 
need only be lowered by 4 x 10-' erg from the normal dispersion energy at this 
separation to give the observed potential. 

CONCLUSIONS 

The thermal scattering of HgP 2) from CO, N2  and CO2  exhibits a fairly simple 
interference structure that persists out to the largest angle of observation, nearly 1800 
(CM). Each system also shows evidence of quenching or an attenuation of the 
elastic scattering compared with that expected from a normal R potential which 
begins at quite small angles of scattering. The very fact that structure is observed 
at all points to the conclusion that either the three molecular states evolving from 
the separated species (KI = 0 - , 1 and 2 in the linear configuration) have very similar 
potentials or that selective quenching on some branches simplifies the scattering 
pattern. 

The spacing of the interference oscillations leads almost inescapably to a deflection 
function and-hence to a potential that is very broad compared with the Lennard-Jones 
form. The simplest detailed model that fits most of the scattering data is a two state 
one correlating with degenerate levels at infinite separation. Adsorption is needed 
on both surfaces from -40 A inwards. Suitably broad potentials give a good 
fit to the observed angular structure which is interpreted as supernumerary bows in 
a deep well. The model, however, leads to unacceptably large values of the quenching 
cross section (-300 A2) and a second model is therefore proposed in which the outer 
branch of the deflection function is considerably steepened at separations 8-8.5 A 
to account for some of the fall-off of the elastic scattering with increasing angle. A 
second, shallow potential is still needed to account for some of the features of the 
scattering. Even with an outer branch of almost infinite gradient [vanishing contribu-
tion to aW], an adsorption function has to be applied to the inner attractive branch 
which now becomes the dominant one. Quenching cross sections 150 A2  would 
thus follow unless the adorption function was rather sharply peaked around 6 A. 
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Abstract. A modulated crossed-beam technique has been used to study the thermal-energy 
elastic scattering of electrdnically excited mercury in the 6 3 P2 'state from Ne, Na, K 
and Rb. Relative differential elastic cross sections have been measured and interpreted 
to yield interatomic potentials. In the alkali-metal/Hg systems, two models based on 
spherical potentials were in excellent agreement with observation. In both models, a 
potential (tentatively ascribed to an Q = 4 or  4 state) with € = 30 ± 2 x 10 erg and 

R m  40 A (Na/Hg*),  R. 46 A (K/Hg*)  was responsible for the major features in the 
observed cross Sections. Small-angle structure, however, could be interpreted in two ways, 

• 	
either as arising from a soft region at large R in the single potential or due. to the 

- 	 operation of two • additional rather shallow potentials (€ = 77 ± 05 and 
15 ± 05 x 10 14  erg) (Q= 4 and  4 tates). 

In contrást,'the Ne/Hg*  system could not be fitted by any plausible single jotèntial 
and ° three potentials having € = 8 ± 4; 14 ± 4 and 22 ± 2 x 10-14  erg tentatiiely identi-
fled asI= 0, land 2 states, respectively, Were required. - •.' . 

In neither case was there any evidence for quenching (J transitions) of the metastable 
atom on the :attt'e  branch of the potential.  

• i: Introduction 	•, 	

. 	 ., '. 	

1• 

In Davidson ët a! (1973) ','e reported the first resUlts of differential elastic scattering 
experiments in the study of the interaction of electronically excited mercury, atoms 
with other species'. In this paper these results are extended to include a closed-shell' 
atom (neon) and are interpreted to yield interatomic potentials. . 

	

There are two low-lying' states of mercury with'sufficiently long lifetimes to travel 	' 
through a scattering apparatus, the' 6 3 P0  and 6 3 P2  states with energies' of 464 and 
546eV respectively. The 6 3 P 1  at 489eV radiates in 10s, which is tooshort for 
detection. Magnetic analysis of the beam gives a lower boun'd on the fraction ' of 

315 2 atoms of 85% but, since no state' selection is used in the scattering experiments, 
all the M states ' of the 3 P2  atom are represented in the be'am. As the collision 
proceeds M, in a space-fixed frame of reference, ceases to be a good, quantum number 

'but, replaced by Q (the total electronic angular momentum about the interatomic 	0 

axis), may. conveniently be used to lab,el the different adiabatic potentials which evolve 
from each atomic M state as 'they interact with the target atom. The collisions 

1523 
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thus take place over a manifold of surfaces. In this situation, the Coriolis force arising 
from the relative motion of the. atoms can induce transitions between these M states. 
Transitions between J states, which can• then lead to quenching of the metastable, 
are also possible but, because of the large spin-orbit splitting, are relatively less 
frequent. Collisions with the alkali metals- can also result in their ionization. or elec-
tronic excitation. - 

In contrast, collisions between ground.state Hg('S 0) and these target atoms are 
necessarily elastic at thermal energies and involve a single. potential sur .face, so that 
scattering measurements may be inverted to yield, an accurate potential. However, 
even in these systems, restrictions on the range of data or lack of an absolute cali-
bration may result in ambiguities in the derived - potential .(Buck. 1975). 

The systems studied here are, in comparison, very complex with a large 'number 
of exit channels open, as well as possible interference effects between trajectories 
which sample two.or more of the asymptotically degenerate potentials. The .interpre-, 
tation must correspondingly be more model dependent and indeed an important 
objective of this work ;is to discover whether a simple potential .model corresponding - 
to some dominant process is a useful . approximation in describing these collisions. 
(Fluendy et a! 1974) 

2. Experimental 

2.1. Crossed-beam cpparatus 

The crossed-beam apparatus used has already been described (Cowley et 'a! 1969) 
and only the essential features need be discussed here The excited Hg atom beam 
was produced by bombarding a ground-state Hg beam effusing from a; glass capillary 
array with a magnetically collimated electron beam of controlled energy. After recolli 
mation, the excited Hg atoms entered the collision, zone where they intersected the 
modulated taiget beam from a multichánñel array: The,, target beam produced typi-
cally 10-15% attenuation of the Hg flux, except in the case of Ne where pumping 
constraints limited the attenuation to .3%—the data for this system being consequently 
rather more noisy. The scattered excited Hg atoms were detected' by Auger ejection 
of electrons from a clean potassium surface (coated in situ) located in a differentially,  
pumped UHV chamber. Ejected electrons were detected by a channeltron and thence 
counted into a gated dual scaler systeth. The experiment was conducted, by recording 
the scattered signal as a function of angle at intervals of about 03°, a single sweep 

- over, the range of angles explored taking approximately 3 h. Individual scans of this,, 
type were repeated until sufficient precision had been achieved. The angular resolution 
of the apparatus was .05°. Since both beams were from effusive sources and not - 
velocity selected, there was broadening in the relative velocity distribution in addition 
to that arising from the angular divergence .of the incident beams. Forward calcula-  
tions, in which a model. centre-of-mass (cM) differential cross section function was 
convoluted with the appropriate distribution of centre-of-mass vectors, showed that 
structure with a c period oil 0  would just be observable in the laboratory. 

2.2. Hg*  beam, composition 

The excitation function for Auger ejection from the potassium surface in the detector 
was measured over a range of electr6n energies in the Hg atôm exciter. A 'threshold 
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at around 6 eV rising to a maximumr at -around 10eV was observed, in agreement - 
.with previous work. Time-of-flight measurements showed-that higher excitation ener-
gies produced large quantities of photons:without'iniproving substantially -the yield 
of ,metastables. In these experiments the exciter was operated at energies less -  than - 

9 eV, the electron energy scale being calibrated by extrapolating the excitation func-
tion to .546 eV. At about 9 eV, 3P0  and 3P2  are-the only long-lived states accessible, 
the 3 13 3  (also .long-lived) being at threshpld (abdut 87 eV) (Borst 1976). 

Theory (McConnell and Moiseiwitsch 1968) suggestS. that the ratio of cross sec-. 
tions for the direct production of P 0  and 3 P2  by electron impact is close to statistical 
(i.e. 1:5) though, at the excitation energies used, cascade from higher levels may 
also be important. Measurements to investigate this point were made using a two-wire 
configuration .inhomogeneous magnetic field between the metastable source and the 
detector. Calculation (Davidson 1973) and saturation experiments showed that this 
field could be operated as-a shutter for p =0 states-so that the ratio [(p = 0) states/all 
'states] could be determined for the metastable atoms at various excitation voltages. 
Contributions from photons produced in the source were eliminated by using the 
flight time of the metastable, so that counting was only permitted during periods 
when the exciter voltage was off. The. results of experiments of 'this- type are shown 
in table 1; more detailed flight-time measurements 'showed that this ratio was- indepen 
dent of metastable-atom velocity.  

This data, without further knowledge .of the relative population of magnetic sub-
states in the 3 P2  level, does not •allow the f-state composition of the scan to be 
determined. If the magnetic substates of 3 P2  are equally. populated—a reasonable 
approximation for (i) direct excitation with a very' poorly collimated- electron beam 
having a relatively high (approximately 03 V) energy spread (Ottley and Kieinpoppen 
1975) or (ii) for population by cascade from a range of higher states produced at 
higher voltages—the 3 P2  composition shown in the table can be computed. If cascade 
from the 7 3S is important, enhanced populations in the. M ,= 0. state will be produced 
and lead to even larger estimates for the 3 P2  fraction. It should be noted that the 
observed composition agrees closely with that expected for- ,purely statistical excitation  
and detectiOn Of these states (83% ' 3 P2), further supporting this- analysis and' confirm- 
ing the predominant 3 P2  composition of, the beam.  

Partly for simplicity and -also in view of the lower detection efficiency for the 
3 P0  state, the'scattering data - are attributed solely to the 3 P2  level. Where appropriate 
the M'states are assumed to be populated equally.(Krause et al. 1975). 

2.3. Velocity distribution  

Flight-time measurements on the metastable-atom beam were made to distinguish 
photon production from genuine metastable .atoms (2.2) and also to determine their 

Table 1.  

Excitation 	Si nal magnet'on 	, 	Percentage 3 P2  assuming 
voltage 	

g 	magnet off 	all Mj  equi-populated 

8 '. 	0;43 	' 71 
9 	- ' 	 031 	- 

- 

. 	 , 	 86 
11 0-32 85'  
14 	- 031 	- 86 
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most probable velocity. The measurements were made 'by pulsing the electron exci-. 
tation current to produce pulses of metastable atoms approximately 100 j.ts long (a 

•  period determined by the 'length of the excitation region). 'The. channel advance of 
a multiscäler was triggered simultaneously ,  witk the exciter pulse and the channel. 
address incremented every 20 is by a crystal clock. Metastable arrivals incremented. 
the appropriate channel, so that by repetition of this sequencean arrival-time'spec-, 
trum was constructed. The most probable flight time was found to be about 15 ms. 

In comparison with the expected v 2  Maxwellian distribution (the exciter has an 
• -  efficiency cc 11v) a substantial deficit of'slow atoms was seen, possibly due to recolli-

mation losses ;of the slower atoms following excitation As a- result of this loss; the 
velocity distribution is substantially narrower and the, most probable velocity 'was 

•  38% .greater than 'that expected . for an effusive beam at" a similar temperature. . The 
measured most probable velocity of2 48 x 102  ms' was used in subsequent calcula-
tions of'the relative velocity of collision with the target atoths sudied' . ... 

1.4. Treatment of data 

The data reported relative differential elastic cross sections are the result of averaging 
six or more individual angle scans of the type described The scans were first approxi 
mately normalized to each other and then merged by summing in sUccessive small-. 
angle increments (approximately half the angular resolution in width) to yielçla mean 
value for the cross section' in' the ai'igle. increment. The,mean laboratory cross sections 
computed' in this way' were then transformed • into the centre-of-mass frame, ,using 
the Jacobian appropriate to the most probable relative velocity 

As can be seen from the Newton diagrarri ll two centre of mass (cM) angles x con-
tribute to the scattering 1(0) at every laboratory angle 0 so that 

I(0) = J(01, XF)I(XF) + J(01  XB)I(XB) 	 (1) 

where J(0 x) is the Jacobian transforming between laboratory angle 0 and CM angle 
x. i(Xr) and I(YB)  are the forward and-back CM scattering intensities which. contribute 
at O. For the systems studied here, every angle XB'  also ,appears at some other, labpra, 
tory' angle 0 2  as a forward-scattered component. . . Now 'J(0, XF)  >:J(0, XB),'  whIle, 
'(IF) >> i(LB) since XF < XB, so that the backward contribution in equation (1) is small 
An iterative scheme can therefore be used to extract the separate forward and back 
contributions 

A first estimate. 	- 	 . 	. 	' 	' 	. 	' 	• • 

I'(.y) = J(01,xF)'1(Oj), . - 	• 	,. 	; 	•: 	• , , 	: 	,' 	(2) 

is made for all'laboratory angles: This estimate is then corrected by 

= 1'xF) 	J('01 , x 	iJ(O. XB)"(XB) 	 (3) 

where i'(XB)  is found via (2) at the appropriate laboratory 'angle 02. Equation (3) 
is then iterated until convergence is complete; typiCally only three iterations are 
required. The results of this analysis are finally plotted as relative differential elastic 
cross sections in the CM frame in the various figures. . - ' 
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3. Results and discussion 

As already indicated, interpretation of elastic scattering in the present systems is 
subject not only to the usual difficulties associated with inverting limited data to 

- yield a unique. potential, but also to uncertainty as to the appropriate model for 
the process. 

The data for the alkali-metal systems are presented in figures 1, 2 and 3. It super-
cedes the data presented, but not analysed, in Davidson (1973), in that a number 
of angle calibration errors affecting the superposition -of 'different scans has been 
corrected. A striking feature of the scattering pattern is the wide-ranging and rather 
regular oscillatory pattern. This pattern is very reminiscent of. the supernumerary 

CM angle X (deg) 

Figure 1. Relative differential elastic cross section for Hg( 3 P 2)/Na. Curve A, experimental; 
curve B, single-potential fit; curve C, three-potential fit. Fitted curves are shifted on 
arbitrary amount upwards. Data is deconvoluted with the main- beam profile and the - 
representative error bars are twice the standard deviation of the signal based on the 	 - - 
counting statistics. Velocity = 895 m s 	number of scans = 6.  

C 

0 

x 
In 

C 

0 	16 	32 	1.8 	64 	80 
- 	

- 	 CM angle x (deg) 

Figure 2. Relative differential elastic cross section - for Hg 6 3 P21K (experimental). Vel-
ocity = 660 m s - I; number of scans = 3; filtered and deconvoluted data. 

A.SI_P_III_ 10 5 



1528 	J Costello et a! 

64 
- 	 CM angle X (deg) 

Figure 3. Relative differential elastic cross section for Hg'6 3 P2/Rb (experimental). Vel-
ocity = 470 ms 1 ; number of scans = 6;' filtered. and'deconvoluted' data. 

bows seen in 'simple elastic scattering inside the rainbow. Although individual oscil-
lations are distorted by noise, the sequence and approximate location of peaks are' 
reasonably secure. In contrast, the rather noisy Ne/Hg*  data (figure 4), which might 
naively .be expected to be less complex, show' a much less regular and also a less 
pronounced structure. although the smaller amplitude of the oscillations makes it 
difficult to identify specific features. The sharp fall-off in the cross section, at' small 
angles seen in all the systems 'is simply due.to  overcompensation for the attenuation 
of the main beams. This angular region is not used ,in subsequent fitting operations. 

>< 
C 

0 

0. 	 36 	, - 72 	108 	144 	180. 
CM ongte X (deg) 

Figure 4. Relative differential elastic cross section for Hg 6 3 P2/Ne (full curve is 'three-
potential fit). Velocity = 723 ms''; number of scans = 6. 	, 

3.1. Potential fitting  

A'number of techniques have been used to tackle the 'practical' inversion problem-
the extraction of a potential in accord with limited experimental scattering data. 
The uniqueness of this potential depends upon the quantity and quality, of data 
available. Inversion methods have recently been 'reviewed by Buck (1975) and in 
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Figure 5 Schematic deflection function showing parametrization regions 

this work we use a version previously exploited 'by him in- which, a parametrized 
form for a deflection function is adjusted to produce - agreement with'the scattering 
data. The deflection function áan 'then be inverted using 'thern Firsov technique to 
yield the fitted potential. Buck has shown that the location of supernumerary rain-
bows and high-frequency glory' oscillations is 'not affected significantly by - apparatus 
averaging so that these features, are- particularly useful. for fitting. In the Na,. 'K and 
Rb data there are 21, 37 and 10 extrema, respectively, available for fitting; .Buck's 
technique was therefore extended to' allow a more. flexible parametrization 'of the 

- deflection function. The parametrization regions' are shown in figure 5 and correspond 
to the following functions:  

Adjustable 

Region 	Form 	' ' , 	 parameters 
'7t—a4b—a 5b4 
a2(b - b0) - a3(b - b0)2 	, 	b0,a 

III 	 Xb - ai(b - b 1 ) 	 a1  Xb 
IV . 	, 	TJ + q(b - hR) 2 	- 	' - 	bR, XR 
y. - 	. 	—C 1 b—C 2 - 	' ' 	 - 	C2  
VI 	' 	- Xc + C3(b - b4) - C4(b ' b)2 	'Xc 
vii 

The phase at b (i.e. Jmax) is also - a' variable. The 'value, of. C(6)  calculated by 

Darwall. et  al (1970) was us6d to constrain the function at large b. The other par-
ameters were determined to join smoothly.- the different regions of parametrization. 

The information used from the cross section was: 	' 
locations'XN  of supernumerary bows,  
smoothed cross section at XN aN, and 

- 	(iii) high-frequency oscillation- period AXHF in the small-angle region. 	- 
The extrema locations provide rather precise information on the area enclosed 

in the deflection-function bowl while N corresponds to the classical cross section 
and is'primarily sensitive toThe shape of the.outer branch of x(b); as with the extrema 
locations this property is not affected significantly by 'apparatus resolution.. The glory 
oscillations \XHF "provide an initial estimate of the parameter b0  (kAXHF) 

'. - 
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Fitting is carried out using a uniform approximatiOn - to calculate the quantities 
(i)—(iii) from the parametrized deflection function which is then adjusted to produce 
the best fit. The (b) function is considerably over-deterrnined since seven parameters 
are constrained by 40 or more input values. V 

-3.1.1. The Hg*_alkalimetal system. The degeneracy of the Hg*  Mj  states is removed 
by the collisiOn partner and five different molecular states evolve from the separated 
atoms (figure 6). Previous calculations (Fluendy et. al 1974) have suggested that, in 
the limit of strong coupling between the different potential surfaces evolving from 
the mixture of Mj  states in the incident beam, a single spherical effective potential 
can describe the scattering. In other cases interference effects between the different 
surfaces will be seen, but it is likely that the separate scattering features of each 
surface, e.g. rainbows, will remain irnportantfeatures in the totalsëattering. A model 
based on summing one or more single surface elastic scattering cross sections is thus 
a natural starting point 

ii I 12  

11 2 

32s 1(2 	 - 	 •- 	 -. 	 - 	 -: 	 - 	 - 

12 

Figure 6. Suggested correlation diagram for Hg*/alkali atoms. The ordèiing of the levels - 
- 	- 	at the right-hand side is appropriate for small separations and the framed pórtion - 

is suggested for intermediate values of -R where Hund's case (c) is appropriate, i.e 
• 	 V 	 -' - V(R) << spin—orbit coupling energy. States- dissociating to M*/Hg  are omitted and all 

- 	the levels shown are embedded in a continuum of states dissociating to M + € + Hg('S). 

- The alkali-metal cross sections show an unusual hump near 160 which, at least 
in the case of Na, seems to be resolved into two peaks. This feature can be reproduced 
in two -principal - ways, using either a single-potential model with a small maximum 
in its deflection function at large impact parameters (full -curve in figure. 7), or a 

. three-potential model - in which this feature is constructed by the addition of two - 
• primary bows (dotted curve in figure 7). It was not found -possible to reproduce 

the small-angle scattering pattern by a combination of two normal (i.e. with only 
-one rainbow) deflection functions, or by a single such function. -The fits obtained 
with the inflected single-potential and the three-potential models are compared with 
the experimental data in figure .1; some deviation at wide angles is seen- due to 
the restrictions of the parametrization, but both are in excellent agreement with the 
envelope and oscillation structure.  
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Figure 7. Fitted deflection functions for H g*fNa scattering (full curve is single deflection 
function fit with small maximum; dotted curves are deflection functions for the three-
potential model). The deepes; function is common to both fits except where shown at 
the largest ranges. The labeig of states corresponds to the correlation diagram (figure 6). 

The potentials calculated by Firsov inversion of these deflection functions are 
seen in figure 8. The deeper potential is very similar in both models, differing only 
in the softening seen at large separatiOns in the single-potential fit. 

The K/H g* cross section had been analysed in a similar way, though in this 
case no small-angle high-frequency oscillations could be seen. The extrema spacing 

x10 14  

8 R(cm) 

2 

-32 

. 	Figure 8. Potentials calculated from the fitted deflection functions for the H g*/sodium 

- 	system. The full curve is the single-potential modFl; the dotted curves are the three-poten- 
tial fit, note that the deepest potential for each of these models, only differ at very large 

R; the broken curve is the ground-state Hg/M potential reduced to ihe same € and 

R. (Buck 1975). The labelling of the states corresponds to that in the correlation diagram 

(figure 6). For N a/Hg*,.e 3 x 10 1  erg, R. = 4:0 A; for Na/Hg e = 88 x 10' 4  erg, 

Rm  = 472 A. The potentials are shown over the range determined by the data. 
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in the Na and K data, which relate to the phaseshift difference across the deflection 
bowl, can be reduced to a common plot if R m (K) = 117 R m (Na). The potential in 
this region is correspondingly likely to be reducible, though the large number of 
extrema in the K data make it difficult to obtain a precise fit with the parametrized 
deflection function used. The Rb/Hg*  data is rather poor and quantitative interpre-
tation is difficult, the same general features—small-angle hump and supernumerary 
bows—as for the other alkali metals can, however, be seen. 

The data available from experiment is primarily sensitive to the potential bowl, 
though the failure to observe primary bows in the angular range accessible means 
that the bottom of the bowl is rather poorly probed. The absolute location of the 
zero crossing to the potential is also only weakly determined by the data. 

3.1.2: The Hg*_inertgas  systems. The correlation diagram for inertgas/Hg*  is shown 
in figure 9. Three potential states evolve from the Hg J = 2 state. In contrast to 
the alkali metals, the states correlating with excited Ne lie at much higher energies 
than the states of interest here and the collisions can be expected to be almost 
entirely elastic. . .. 

72 10 

Figure 9. Correlation diagram for H g*/Ne. The ordering of the levels at the right (small: 
separations) is assumed to be dominated by electron/electron repulsion and the classifica 
tion there corresponds to Hund's case (ai. 

The Ne/Hg*  cross sections shown in .figure 4 are noisy due to difficulties in 
pumping the inert gases and it proved impossible to obtain satisfactory data for 
the heavier members of this series.. A clear division is seen between an angular region 
in which the cross section is oscillating strongly and a wide-angle zone where it 
decays smoothly. Since quenching cross sections for inertgas collisions are small, 
this large-angle zone is almost .certainly the dark side of a rainbow. A sequence 
of high-frequency oscillations is just visible at small angles from . which a sensible 
b0  value can be deduced. In contrast with the alkali metals, the extrema positions 
in the oscillating part do not fit a simple supernumerarybow sequence while the low-reso-
lution envelope is also unlike that normally seen in atom/atom elastic scattering. 
No reasonable shape of deflection function capable of reproducing the overall behav-
iour could be found.  
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xl0 14  

R(cm) 

2 6 

-16 

- 24 

Figure 10. Three potentials fitted to H g*/Ne scattering data. Inset is a Lennard-Jones 

potential (broken curve) with the same € and R m  as the shallowest fitted potential (full 
curve). The labelling of the states corresponds to that in th correlation diagram (figure 9). 

A three-potential model was therefore ought, using the techniques already de-
scribed. The complexity of the data as well as the presence of some noise make 
it unrewarding to search for a perfect fit The agreement obtained in figure 4, which 
reproduced the main features including the overall shape quite well, is therefore satis-
factory. This was computed as the sum of three cross sections weighted 2:2: 1 calcu-
lated from the potentials plotted in figure'lO, the two deepest potentials each being 
awarded a weighf of 2. . . . . . 

4. Discussion 

4.1. Hg*_alkqlimetal pairs. 	- . . 	. .. 

The most striking feature of the experimental results is the comparative simplicity 
of.the scattering patterns. In §3, two models were shown to lead to ,a good fit of 

o(), one involving a single potential with.an unusual softening of the outer attractive 
branch and the other a three-potential model.. The depth and location of the well 
of the single potential was very similar to the deepest potential of the second model. 
In neither case was it necessary to invoke quenching.  

A possible correlation diagram is given in figure 6. In the case of weak interactions 
(large R), the electron spin of the alkali atom is . only'. weakly coupled with that 
of. Hg* and only three different potential energy states. evolye from the. separated 
atoms As R decreases, Hund's case (c) is replaced by case (a) and at intermediate 
separations the five-fold degeneracy of the parent 3 P2  level is completely removed, 
to. be replaced by a simpler splitting at small R where the 4y1/2  and 4 

13/2 states 
become very nearly degenerate. No information is availabl on the ordering of the 
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• 	and 4fl levels and it is assumed that the lower electron—electron repulsion in 
the fl states (i.e. between Hg(p ±  ) orbitals and the M(s) orbital) places them below 

• 	the E states (where the Hg(p 0) orbital is occupied) in the limit of Hund's case (a).' 
At very large separations, where the interaction energy is entirely determined 

• by dispersion forces, the greater polarizability in the bond direction, c', of the Mj  = 0 
state may reult in the 101 = levels initially lying lowest and the (, ) pair highes. 
However the anisotropy in the polarizability is small ( 10%, Levine et a! 1968) 
and this order would be easily reversed as the overlap between the two atoms in-
creased, to give the order shown in figure 6. ' 

Of the two'models used in fitting the data, a single' potential implies that the 
splitting in the manifold of levels remains small down to R m  (4 A in the case 
of Hg*_Ne)  even th/ough the interaction is strong ('-02 eV). Outer maxima in the 
potential energy curves of, excited diatomics have been reported (e.g. Cohen and 
Schneider 1974, Mulliken 1970) but in association with the penetration of a diffuse• 
orbital occupied by a, promoted electron (e.g. in the 3 P states of an inert-gas atom). 
The effect would not be expected 'at long ranges in the much more compact 6s6p 
configuration of 3P Hg. Also, there seems no obvious state, e.g., a charge-transfer 
one, that could cross the states (b)—(f) (figure, 6) at a separation' of about 2R m  and 
hence perturb them in that region. The possible re-ordering of- some of the' 
manifold due 'to the onset of overlap referred to above would be expected around 
R m , when repulsion forces begin to dominate. 

The three-potential model is thus to be preferred on theoretical grounds and 
is in accord with the correlation diagram for Hund's case (c) and with relatively 
little contribution to the spin—orbit coupling energy from the electron in the still 
largely unperturbed valence shell of the alkali metal The spectroscopic designation 
of the three groups of states is not settled by these scattering experiments since 
the fitting is not sufficiently sensitive to the weighting of each state but on experimen 
tal grounds we favour the higher weight for the deeper states 

On either model a deep potential is required possibly accompanied by shallower 
ones, having a well depth approximately'30 x 10_14  erg. This value is considerably 
greater than that of the ground state (x 2)  where € = 9 x iO' erg (Buck and Pauly 
1971) and points to a specific interaction in this excited state. 

4.2. Hg*_Ne  

• The probable correlation diagram for Hg*  interacting • with a 	atom is given 'in ,  
figure 9: At large .separations M (—Q for a '5 partner with the quantization axis 
along the interparticle vector) is a good quantum number. At large. separations' the 
stateof maximum M lies lowest if, as discussed in,4.1; electron—electron repulsion' 
dominates Over dispersion forces. As R decreases and the coupling passes to Hund's ,  
case (a), the 3 E0  and states become degenerate, the 'estate being forced up in energy', 
in energy by interaction with the c state (both: Q = 1). 	' 	• 	' 	- 

.The observation that the scattering data: are best fitted by three potentials is thus 
• entirely consistent with the correlation diagrams and indicates that; at the range, 

of separations scanned experimentally (essentially down to the inner zero of the poten-
tial), Hund's case (c) is appropriate because 'pure case (a) would predict only two 
potentials. Once'again the spectroscopic labelling of the three states cannot be decided 
unambiguously from these scattering experiments, but we favour giving a weight 
of 2 to the two deeper states, indicating that the lowest state has JQJ = 2. 
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The Ne_Hg* and Na_Hg*  potentials exhibit a much wider bowl than a Lennard-
Jones potential having the same €, R m  values (figures 8 and 10). This behaviour 
has been noted by Buck (1975) for ground-state Hg/alkali-metal potentials; it is not 
found in the ground/metastable state pairs of the inert gases (Winicur et a! 1976). 

5. Conclusions 	 V. 	 V  

The elastic scattering of Hg*  'in all the systems studied, can, on a combination of 
theoretical and experimental evidence, best be interpreted in every case as the scatter- V 

ing from three distinct potential energy states. This is consistent with the partial 
removal of the degeneracy of the 3 P2  state at separations around 4 A. The potential 
minima are sufficiently separated for it to be meaningful to assign separate deflection 
functions to each state, i.e. Hund's case (c) rather than case (e) applies when molecular 
rotation is taken into account.  

In the case of the alkali metals, the absence of any marked attenuation due to 
ionization, which is energetically allowed in each system, is noteworthy. Coupling 
to the continuum is evidently small and one can continue to use the concept of 
a deflection function even when the classical path is embedded in a continuum. 
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Measurements have been made of the vibrational branching ratio (u' = 0)/(u' = 1) in N (C 3u) formed in electronic 
energy transfer collisions between argon metastable atoms and groulid state nitrogen molecules, using crossed molecular 
beams. In the relative collision energy range, 0.08 —0.20 eV, this ratio is 3.5 ± 0.2. 

1. Introduction 

Electronic energy transfer processes play an impor-
tant role in a number of phenomena; for example, 
electrical discharges, combustion, high temperature 
shocks, secondary processes in radiation chemistry, 
and laser action [1]. Electronically excited atoms and 
molecules are produced in every case and their sub-
sequent reactions must be taken into account in deter-
mining the ultimate disposal of energy. Molecular 
beam techniques make possible the measurement, for 
specific excited states, of the velocity dependence of 
reaction cross sections and the angular distribution of. 
reaction products as well as their internal and kinetic 
energy distributions. In addition, the use of super-
sonic beams makes available a wide range of relative 
velocities. 

Since the pioneering work of Robertson [2] , the 
electronic energy transfer process: 

*(3p20) + N2 (X 	v = 0) 

-3'Ar('So)+N(C 3 H u ,u'=0-3) 	 (1) 

has been extensively studied in flowing afterglow ex- 

t Supported by the U.S. National Science Foundation. 
1 Present address: Fakultiit fur Physik, Universität Freiburg, 

Freiburg i. Bi., Germany. 
13 Present address: Department of Chemistry, Edinburgh 

University, Edinburgh, UK. 	- 

periments by Setser and co-workers [3]. In particular, 
they have investigated the rotational and vibrational 
population distributions in the product molecules at 
298 K (0.039 eV) and 77 K (0.0 10 eV) by spectro-
scopic observation of the light emitted as N fluoresces 
from C - B. 

This transfer process has also been studied using 
molecular beam techniques. Winicur and Fraites have 
determined the total cross section for quenching of 

in N2  by the optical model analysis of their dif-
ferential elastic cross section measurements [4] . Lee 
and Martin [5] and Sanders et al. [6] have studied 
the velocity dependence of the formation of N (C) 
by measuring the total C - B emission. In the crossed 
molecular beam experiments reported here, a mono-
chromator is used to analyze the C - B emission and 
the ratio (v' = 0)1(u' = 1) determined in the relative 
energy range, 0.08-0.20 eV. 

2. Experimental 

The apparatus used in these experiments may be 
briefly described as follows (for details see ref. [7]). 
A thermal beam of metastable argon atoms origi-
nating from a low voltage dc discharge [8j is crossed 
by a supersonic nozzle beam of N 2  molecules pro-
duced in the standard fashion [9]. The metastable 
beam intensity is continuously monitored by meas- 
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urement of the electron current ejected from the gold 
surface of a Faraday cup detector. The nozzle beam 
is monitored bya molecular beam detector consist-
ing of an electrOn beam ionizer followed by a quad-
rupole mass spectrometer set at mass 28. To obtain 
a range 'of N 2  velocities, the nozzle beam was seeded 
with various amounts of He. Light from the ionizer 
filament precluded continuous monitoring of the N 2  
beam; however, both the N 2  and He flow rates were 
contihuously monitoredduring each run by electron-
ic flowmeters equipped with digital readouts, and 
were found to be constant. 

The light issuing from the region of intersection 
of the two beams (7.7X 10 cm 3 ) is collected by 
means of an f/4 quartz lens system located above the 
intersection volume and a spherical mirror located be-
low. The light is focussed onto the entrance slit of an 
f/4monochromator with a dispersion of 40 A/mm. 
Light exiting the rnonochromator is focussed onto 
the cooled cathode of an EM19558 photomultiplier 
tube. 

The nozzle beam is collimated by a circular apér-
ture then chopped by a two-bladed mechanical chop-
per rotated at 50 Hz. In the benter of each sector-
shaped blade, a 10 mil slit is cut.The purpose of these 
slits is to provide shorf beam pulses for TOF analysis 
of the N2  beam. The chopper also interrupts a light 
beam generated by an LED'and detected by a photo-
diode A train of long and short triggering pulses is 
thereby produced which are first thaped then sçparated 
electronically. 	- 

In the TOF analysis the onset of the narrow trigger -
ing pulse defines time t = 0 and is used to trigger, a 
PAR TDH-8 waveform eductor. The narrow beam 
pulses from the quadrupole mass spectrometer elec-
tron multiplier are converted to voftage pulses, am-
plified, then averaged by the waveform eductor. Flight 
times were determined by comparing the output of 
the eductor on an oscilloscope with timing pulses from 
a crystal clock actuated by the t = 0 triggering signal. 

The photon pulses from the photomultiplier tube 
are amplified then counted by a dual channel counter. 
The onsets of the long triggering pulses, after being 
delayed sufficiently to allow for the N 2  transit time 
(from the chopper to the interaction region), are used 
to gate the counter. Counts are accumulated in one 
channel corresponding to a fixed interval during 
time the chopper is open and in the other channel for  

exactly the same interval while the chopper is closed. 
The instrument employed (SSR 1110 digital synchro-
nous computer) provides the count Y  rate for each chan-
nel as well as the difference between the two corre-
sponding to the signal. Counts were accumulated until 
satisfactory statistics were obtained - up to 24 hours 
in some cases. The background count rates are deter-
mined almost entirely by the dark noise of the photo-
multiplier since the ôther contributors to the back-
ground are highly discriminated against by the severe 
focussing requirements of the light collection system 
and efficient shielding against stray light. 

3. Treatment of experimental data 

The velocity of the N 2  beam was taken at the 
maximum of the TOF distribution. The velocity reso-
lution, zv(fwhm)/v for this beam varied from 0.16 to 
0.19 depending upon the seeding conditions. The A r* 
beam had a Maxwell—Boltzmann distribution corre-
sponding to a temperature of 650 K, as determined by 
a TOF analysis of this beam, and the most probable 
velocity was used. The square of the relative velocity 
was obtained by adding the squares of the two beam 
velocities and the relative energy determined bymülti-
plying this sum by one-half the reduced mass. 

The most intense bands in the N 2  (C -+ B) system 
are well separated so that the signal could be signifi-
cantly increased by using the monohromator with a 
wide band pass. Measurements weretherefore made by 
setting the monochromator at the band head of each 
transition using 100 A bandpass. The ratio of the count 
for the 0-0 transition to that for the other transitions 
was determined. The entire system wa checked by com-
paring the ratio of the 0-0 to 0--I intensities for N2 
(C - B) with the ratio of the tabulated Franck—Con-
don factors [10]. The agreement was within the ex-
perimental error of the measurements. 

In order to determine the relative population of 
the v' = 0 and u' = 1 states of N 2  (C), the ratio of the 
0-0 to the 1-0 intensities was first obtained. This was 
then corrected to give the ratio (v' = 0)1(v' = 1) by using 
the appropriate Franck—Condon factors [10] . In 
order to ensure that a bandwidth sufficient to include 
the entire band was employed, measurements of this 
ratio were repeated with the monochromator settings 
decreased by 25 A. Within experimental error, the - 
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ratio was the same. Within the range of the measure-
ments (3000-4000 A) no corrections were necessary 
for the detection efficiency of the optical system. 

4. Results and discussion 

A potential energy diagram showing the molecular 
states of nitrogen involved in this work is shown in 
fig. 1. In flowing afterglow experiments, Setser et al. 
[3] have observed emission corresponding to the 
transitions C - B, B - A, and A - X in N2  following 
energy transfer from metastable argon atoms. They 
found that both the C and B states are directly popu-
lated, that the ratio of v' = 0 to u' = 1 in the C - B 
system is much larger than the Franck—Condon prin-
ciple would predict for direct excitation of X — C, 
and that the bands in this system are strongly shaded 
toward the violet because of high rotation excitation 
in the C state. Their high resolution spectra show 
rotational quantum members as high as 54 for v' = 0 
as well as other unusual features. 

A discharge source similar to that used in this work 
produces metastable argon atoms with a ratio 
of about 7 under similar operatingconditions [11]. 
Both the 3 P2  (11.55 eV)and the ip0  (11.72 eV) 

lu  

2 r, 
— 	 N(4S°H-N( 	- 

I 

 

fA~3 .2:

N4SO

Bfl 

 

0.8 L2 	1.6 ao 2.4 2.8 3.2 3.6 
o 

INTERNUCLEAR DISTANCE () 

Fig. 1. Potential energy diagram for nitrogen. (Taken from F.R 
Gihnore, J. Quant. Spectry. Radiative TransferS (1965) 369.) 

states have sufficient internal energy to excite N 2  up 
to u' = 2 of the C state. We were unable to obtain suf. 
ficient intensity to make measurements on u' = 2 
and we saw no evidence of v' = 3 even at the highest 
relative energy used in these experiments. 

In fig. 2 the branchingratio (u' = 0)1(v' = 1) for re-
action (1) is plotted against the relative collision en-
ergy. The flowing afterglow measurements of 
Robertson [2] and Stedman and Setser [3] are shown 
for comparison. Robertson's measurements were made 
by comparing intensities at the band heads. Because of 
the strong shading of the 0-0 band toward the violet, 
this result is probably too low [3] . Stedman and Setser 
do not estimate the error in their measurements, but 
from the number of significant figures reported, it. 
appears to be no better than ±5%. For this reason, we 
have drawn a line through the data which decreases 
monotonically with increaing relative energy. Within 
the experimental error of the data reported here, how. 
ever, the ratio is constant at 3.5 ± 0.2 in the range 
0.08-0.20 eV. 

Additional data are necessary to show conclusively 
whether or not the branching ratio falls with increasing 
relative collision energy approaching the Franck-
Condon prediction for excitation of N 2  (X -+ C) at 
high energies. The range of the present results could 
be extended by heating the nozzle beam or by using 
crossed nozzle beams with electron impact to excite 
the Ar beam. We plan to modify the apparatus for 
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STmIMAzY. The rate and mechanism of chemical change has been studied for many 
years but until recently experimental work has been concerned with bulk systems 
so that the microscopic level of action was manifest only in some average way. In 
contrast, methods such as X-ray scattering yield direct information on molecular 
structure. The technique of molecular beam scattering is now a similar tool, capable 
of probing the dynamics of chemical reaction at the molecular level and leading to an 
understanding of the process in terms of the trajectories of the atoms participating. 
Discussion of the reaction is thus naturally in quantum channel cross-section terms; 
a change in emphasis, from conditions in the bulk sample to the collision proper, 
which has stimulated theoretical work. In particular, concepts and techniques 
developed for use in the atomic and nuclear collision field have been extended into 
this area. These rather rigorous calculations will be limited to the very simplest 
systems but, nevertheless, will form an important proving ground for more 
approximate models. 

1. introduction and theory 	 - 
The range of processes that can occur when atoms or molecules collide is 

very large, ranging from slow collisions between spherically symmetric atoms 
that may be closely elastic, i.e. billiards ball in character, to the complexities 
of the chemical reactions that are important in bioohemistry. Of the latter, 
most occur in solution, or at interfaces, where the properties of the liquid/surface 
play as important a part as the reactive encounter itself in determining the 
result. 

In previous articles (Massey 1971, 1972, 1973) the phenomena associated 
with atomic collisions including diffraction effe,ots and energy transfer have been 
discussed. In this article we attempt to extend this series by considering simple 
chemical reactions which occur in the gas phase so that the primary chemical 
change results from a single two-body collision - Even with this restriction a 
wide variety of reactions are found, many of great technical or natural 
significance. For example: 

0+CH 4 -->OH+CH3 	 (1) 

H + O 2 -+OH + H 

are important in combustion, .til1 the chemical process of most commercial 
significance. While the reaction 

03 +1\T04NO 2 +0 2 	 (2) 

is an important sink for atmospheric ozone and has been the centre of some 
controversy concerning the possible depletion of the ozone layer and consequent 
deleterious change in the solar radiation reaching the earth's surface. Turning 
even further afield: 

0 +H 2 -->OH+H 	 (3) 

has been suggested as a source of interstellar hydroxyl radicals. 
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In these examples, and indeed generally, it is the behaviour of a bulk mixture 
of the reactants which is of interest. The ultimate condition reached is 
determined by thermodynamics and an equilibrium mixture of products and 
reactants evolves in which the product/reactant ratio is determined by the 
properties of the isolated molecules. This rather well-understood long time 
limit provides no information as to the rate at which a reaction proceeds, 
which is often the practically important quantity. In a bulk system this rate 
is expressed as a rate constant, k, where using reaction (2) as an example: 

d[NO 2J 

dt 
=k[03][NO] 	 (4) 

and where the square brackets denote concentrations of a species. Measure-
ment of the time dependent reactant or product concentrations has been the 
classic tool of chemical kinetics and permits the elementary steps (com-
monly several reaction paths proceed competitively and consecutively in a 
bulk sample) to be identified and the associated rate constant determined. 
Historically the practical importance of bulk systems in chemistry concentrated 
interest on rate constants and their measurement, in contrast to the situation in 
nuclear or elementary particle physics where the microscopic collision process 
itself was of central interest and the description was naturally in terms of 
cross-sections for a specific channel. 

TJnfortñnately the rate constant depends very strongly on the distribution 
of velocities and internal molecular states (vibration, rotation and e]ectronic) 
in the molecules of bulk sample. Thus: 

2,7 	,7 

f(i,T) f j fo5(E,O,ç6)sinOI(E,T)( - ) dOddE 	(5) 
ii 	 000 	 \/.LJ 

where k( T) is the rate for production of product, all states, Y,  the sum over 

exit states j, Y,  the sum over incident states i, and where a (E,O) is the 

differential cross-section in the channel i -i-j (the subscripts stand for all 
the quantum numbers required to label the reactants and products com-
pletely) and represents the probability of reaction in that channel between 
reactants with reduced mass tL and translational energy E scattering the 
product in statej at 0,0. I(E,T) andf(i,T) arethe distributions in translational 
energy and internal state i at the temperature T. 

The rate constant is clearly a quantity in which the dynamic behaviour, 
ontained in the cross-section, is very highly averaged by the distribution 

functions appropriate to the bulk mixture. Although formally eqn. (5) 
might be unfolded to yield the microscopic cross-section the measured 
temperature dependence of k( T) normally only allows a threshold energy for 
an averaged total reaction cross-section for the state distribution in the mixture 
to be estimated. Rate constant data thus yields only rather weak constraints 
on any model of the coilision itself so that it is difficult, for example, to 
determine whether models based on statistical assumptions owe their validity 
to the collision mechanics or to the averaging over collisions in different 
incident states, etc., in the bulk sample. 
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In contrast the differential reaction cross-section has a much greater 
dynamical content and poses a severe challenge to theory. In particular, 
crcss-sections provide direct information as to the range and energy dependence 
of reaction, data that enables an understanding of the encounter in terms :of 
the trajectories (dynamics) of the nuclei to be reached. (The simplistic 
classical picture is respectable since atomic masses are large enough for the 
path to be well defined in most circumstances). The new interest in chemical 
kinetics is thus in the detaiJed dynamics of reaction. Experimentally two 
techniques have been important in meeting this challenge: kinetic spectroscopy 
and molecular scattering. The latter class of experiments attempts to measure 
the cross-sections directly by measuring the angular distribution of product 
resulting from coUisions between well defined beams of reactant molecules and 
in principal provides complete channel differential cross-section data though 
some degree of averaging (e.g. over rotational states) is usual. The various 
techniques of kinetic spectroscopy on the other hand yield only rate constants 
but these may now be for specific quantum channels, i.e. the summations in 
eqn. (5) are at least partially removed. In these experiments the reactibn is 
initiated either by mixing the reagents or by generating them in sit', for 
example, by photodissociation so that short-lived states may also be studied. 
The concentration of various reactant or product states is then, followed either 
by absorption or by observing the emission from excited electronic or 
vibrational product at very low densities (chemiluminescence). The two 
techniques are somewhat complementary  since beam scattering is most 
effective in examining the angular and energy dependence of the process while 
spectroscopic methods attack eqn. (5) from the other end, yielding information 
primarily about state distributions. The recent combination of the two 
methods in laser induced fluorescence analysis of the scattered product flux 
in beam experiments is thus a most promising development. 

The complexity of chemically reactive processes suggests that the rigorous 
methods of quantum scattering theory that have been so successful in under-
standing atomic collisions, as discussed for example in the general references 
cited will have a much more limited role to play. Nevertheless, attempts to 
stitch this seam between physics and chemistry, at least for the simplest. 
processes of this type, have been in progress for the past forty years. 
Unfortunately, quantitative agreement. between rigorous theoretical results 
and experiment is still some distance away, not least because adequate 
experimental data on quantum cross-sections is still lacking. These com-
putations are thus of most interest at present in providing a yardstick against 
which other, more approximate, but perhaps more widely applicable methods 
may be compared. There is some hope also that studies of this kind may lead 
to symmetry related or other propensity rules which may be useful in more 
complex systems. 

The simplest example of a chemical reaction is the exchange process: - 

H+H2 ->11 2 +.H 	 . 	(6) 
(para) (ortho) 

which may be monitored, for example, via the heat capacity change involved 
in the ortho-para conversion. Alternatively cross-sections for inelastic 
processes such as rotationad excitation which involves both a direct and a 

C.P. 
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contribution due to exchange of two atoms may be studied. This system is 
also that in which the largest quantum effects can be expected so that 
comparison of exact results with results from classical or semi-classical theories 
will be especially interesting. The non-relativistic Hamiltonian for the 
complete system is: 

H = Tej  >VejNa + 	Ve jej  + 	VNaN5 + Y TN. 	(7) 
i 	i 0C 	 ii 	 a 9 	 a 

where the terms are respectively the sum over the three electrons of their 
kinetic energy operators, the cou]ombic electron-nucleus potential, the 
ooulombio electron—electron potential and the inter nuclear ooulombic 
repulsion. The final term is the kinetic operator for the motion of the three 
nuclei. 

The Hamiltonian of eqn. (7) can conveniently be written as the sum of an 
electronic part, He, and a nuclear part H, the final term in eqn. (7). The 
total system wave function can likewise be factored into electronic and nuclear 
paxts using an orthonormal basis set of functions ,be  (O(R,r) which depend only. 
parametrically on R, the relative nuclear coordinates. The Schroedinger 
equation describing the, motion of the system is then: 

(H + He)/Je (0(R,r)X n (0(R) E/ie (0 (R,r)X n  (0(R) 

where Xn(R) is the nuclear wave function and r represents the electron 
coordinates. Multiplying from the left by the functions I'e in turn and 
integrating over the electron coordinates yields a series of equations 

J/ie  Hncbe (i)X (J)dr + 	(1) $/'e Hecbe (5)dr = EX (i)• 

Since the electron velocity is very large in comparison with the velocity of 
the nuclei in low energy collisions, the electronic wave functions 1'e (i) do not 
normally vary rapidly with R. Thus HncbeXn _ cbeHnXn  and we obtain in this 
approximation (the well-kiiown Born-Oppenheimer one) a coupled 'set of 
relations 

(H+ Vii 	= - 	VXø) 	 (8) 

where 
V 5 (R) = J/te (R,r)H e /te  (I)  (R,r)dr 

to describe the motion of the nuclei in the collision. If the functions 
Jre (O(R,r) are chosen to be the eigenstates of He the off diagonal terms V, 
vanish. The nuclear motion now takes place over a single potential surface 

V LI(R) generated point by point from the solution of the electronic or 
'clamped nuclei' Schroedinger equation. 

He cbe (°(R,r) = V.j(R)/i e (O(R,r) 	 (9) 

in which all effects due to the relative motion of the two nuclei are omitted. 
Of course, this choice of çbe  would be unfortunate if ,be  varied rapidly with B. 
In this event the diagonal representation is inadequate and a different basis 
set for the expansion must be chosen. The nuclear motion is then no longer 
confined to a single potential surface but may cross from one surface to another 
under the influence of the off diagonal V. 'terms. 
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Most theoretical work involving reactive collisions, however, has been 
confined to situations involving only a single potential surface. The problem 
then falls into two parts—the calculation of the potential surface and the 
scattering properties of the particles on this surface. At the present time 
the potential surface even for the H3  system is not known with very great 
accuracy. The difficulties include the sheer numerical effort involved in 
computing multicentre integrals as well as covering the hyper-surface with a 
sufficiently dense mesh of points to permit interpolation. Furthermore, since 
thermal energy collisions may be sensitive to changes in the potential surface 
of less than 002 eV it is clear that a very considerable effort will be needed to 
obtain useful results. The problem is particularly urgent since experimental 
data cannot yet yield much direct information in these matters. In this 
situation semi-empirical hyper-surfaces involving a judicious blend of theory 
but adjusted to conform with available experimental data are useful. For 
H3  such a surface is the ' Porter-Karplus 'shown in fig. 1 as an energy contour 
plot. Owing to the high dimensionality of the surface only a specific cut can 
be shown in this manner. That chosen corresponds to a collinear approach of 
the attacking atom to the molecule. The reactant entrance valley is at the 
lower right of the figure and a saddle point corresponding to a barrier height 
of 0396 eV separates the reactants from the products, top left. For the H - H 2  
system the surface is, of course, symmetric with respect to products and 
reactants. Bent configurations are considerably more energetic as can be 
seen from fig. 2, so that near threshold the reaction will pass close to this 
region of space. - 

R1 R 

¼ 

o1 
C 

R1  in A 
Fig. 1. Potential surface for the system 11+11 2  in the collinear configuration, 

energy zero relative to separate H and 112. (Porter 1964.) 

The dynamics of the motion over the potential hyper-surface in the B.O. 
approximation follow from the nuclear Schroedinger eqn. (8). The diffie-ulty 
of this full three- dimensional three body problem have led to many calculations 
in one or two dimensions or along specific paths, such as that along the line of 
lowest energy, through the potential. An instructive calculation of this type 
(McCullough 1971) confined to collinear collisions of the atoms, i:e. that part 
of the potentia) surface shown in fig. 1 used a time-dependent quantum method 
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0! 

Distance along path of minimum energy in Z. 
Fig. 2. Cut along the path of minimum energy in fig. 1 for various angles of bend y, 

y=O is the coffinear arrangement of the three atoms. (Porter 1964.) 

to follow the evolution of a series of wave packets moving on the surface and 
compared their behaviour with that computed for a purely classical partide. 
The classical and q.m. probability distributions snapped at the same time 
instant are very similar (fig. 3) though plots at later time reveal an increasing 
probability for the quantum particles to cut the corner.. Plots of the quantum 
flux revealed rather striking vortex behaviouE with some flux aotually moving 
in a backward direction, towards reactants. This sort of turbulent flow was 
found to depend strongly upon the curvature in the surface near the saddle 

R2 

	 Iu! 
	

i l  
• 	

- 	A1 	 Ri 

(a) 	 • 	 (b) 

• Fig. 3. Quantum (a) and classical (b) probability densities in the '11+11 2  collision 
calculated at the same time instant ,.10_14  s after start of the collision. 
Collision energy=038 eV. (McCullough 1971.) - 
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point. The reaction probability, defined as probability of configurations on 
the product side of the symmetric position line, reached its asymptotic value 
after 2 x 10" s (slightly earlier in the case of classical particles) a time 
comparable to that required for an interactionless fly by, indicating a direct 
type of collision not involving quasi bound states. 

More usually a time independent steady-state formalism is used in which the 
relative translational motion of the reactants is represented as a continuous 
flux across a plane front. This viewpoint is most easily introduced by 
considering the simplest case: the motion of two particles over a single potential 
surface, V(R), which depends only on their relative distance and not upon 
their orientation. The problem is thus formally identical with that of the 
hydrogen atom (with a. suitable change in the potential) and the soluticn is 
correspondingly similar. The total wave function (in centre of ma's coordinates) 
depends only upon the relative position of the two particles and can be factored 
into radial, fjm(R),  and angular, Y(O,), parts. The radial wave functions 
are the solutions of: 

	

1d 
(R 2 )+1 	(.tv 2/2_ V(R 	

1(1 +1)1 
))— R2 çfzm=O 

where j. and v are the reduced mass and initial relative velocity. While the 
angular solutions are the spherical harmonics Yjm(O,f).  In the scattering 
problem the orbital angular momentum number 1 is related to the impact 
parameter b characteristic of each collision trajectory (b is the closest distance 
to which the particles would approach along a specific trajectory if there were 
no potential operating) and 1 (vb/h). Since all values of 1 are represented 
in the incident plane wave (reflecting the experimental fact that it is not 
possible to prepare collisions with specific b s) a solution for urn  (R) must be 
found for every 1 or 'partial wave'. The incident, wave (R) can thus be 
written: 

CO 

	

(R) = 
	

aiinfzm(R) Yi m (O,ç6) 

where the coefficients aim  are chosen to satisfy the initial condition of an 
incident plane wave. In the collision problem it is only the asymptotic large B 
behaviour which is of interest and in this special case since there are no processes 
which' can remove flux from an incident partial wave the only result of collision 
is a change in the phase of fim( The post scattering wave function is thus 
as above but with appropriately modified coefficients and the intensity as a 
function of angle (the differential cross-section) can be computed from a 
knowledge of the phase shifts in fim( 

In the more general case in which energy transfer or chemical reaction may 
occur on collision there are many channels by which incident flux in a partial 
wave can be transferred to other final states and the asymptotic amplitude as 
well as the phase in every accessible final state is of interest. The wave 
function for the system must now include the internal coordinates r, so 'that. 

airnrmyfzn,rm'p.(1?)l'irn(O,c6)Tv'fr) 	 ('10) 
lmI'm" 

where U is the wave function for, the internal motion of the two particles 
in the state v and the summation extends over all incident and exit states 
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since neither 1, m cr v are conserved during the collision. If the motion is 
electronically adiabatic only a single potential surface, calculable from eqn. (9) 
in the clamped nuclei approximation is used. The nuclear Hamiltonian, for 
the collision system can be written down and substitution of the expression (10) 
in the wave equation followed by some, manipulation then leads to an infinite 
set of coupled differential equations, exactly analogous to those in eqn. (8) 
describing the motion and the coupling between the incident and various exit 
states. Truncation to include only the physically important states reduces 
the set to finite size so that numerical solution to find the asymptotic behaviour, 
amplitude and phase, is possible though difficult. 

Calculations of this type have recently been made for H + H2  using the full 
three-dimensional Porter-Karplus surface and rotational states up to j =6 in 
the ground vibrational state. Since each rotational state is 2j + 1 degenerate, 
many channels are involved and this currently limits the size of these 
computations. A comparison of classical and quantum results from this 
work for the differential cross-section for scattering from thej = 0 to j = 1 state 
(exchange (reaction) and direct contributions combined) is shown in fig. 4. 

C 

C 
0 

C., a, 
(n 

U, 
0 

0 

Scattering angle 

Fig 4. Differential cross-section for scattering from the j = 0 to j =1 rotational 
state in 11+11 2  collisions. The histogram is the result of classical trajectory 
calculations for the process j = 0 -all other states. Collision energy = 05 eV. 

Results using larger basis sets and in particular including additional vibrational 
channels will be available in due course so that a rather precise understanding 
of the quantum dynamics over this surface should be possible. This degree of 
rigour will only be obtainable in a few systems, such as for hydrides which 
have a wide rotational level spacing, and for the overwhelming majority of 
reactions a much more approximate method that will nevertheless allow the 
important features of the potential surface to be correlated with the reaction 
dynamics is needed. 

Models of this type fall into three classes shown schematically in the table. 
The phenomenological models have as their goal the representation of the 

)1 
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results of reactive collisions, in terms of a relatively few parameters in the same 
way that thermodynamic quantities correlate equilibrium properties. Thus 
product energy distributions may be characterized in some cases by an 
'effective temperature' parameter. 

Dynamical models yield the most detailed predictions since the complete 
potential surface is required as input data and phase information can be 
retained if required. The most useful model of this type is that of trajectory 
simulation. For a system of N atoms there are 6N —6 coupled Hamiltonian 
equations which describe the relative classical motion: 

3H 	aH 
 (11) 

so that if a potential surface describing the interaction of all the atoms is 
constructed the equations of motion can be solved numerically in a stepwise 
fashion using a large computer to yield the trajectories of the atoms. By 
choosing starting points for these trajectories from a population representing 
the initial state of the system being modelled the average results of a large 
number of such trials form estimates for the dynamical properties of the 
system. For example, the location of the energy release in a reaction (i.e. ils 
reactant attraction or product repulsion) can be seen to correlate with the 
distribution of this energy between internal excitation of the products and their 
relative translational energy, fig. 5. Late energy release leads to trans-
lationally 'hot" products. 

Inspection of the trajectories themselves may reveal the role of specific 
features in the potential surfaces. A trajectory calculated for the H + 11 2  
collision on the surface of fig. 1 shows (fig. 6) a collision of short duration, the 
thrce atoms approaching and receding quite smoothly. Collisions of this kind 
are known as direct. In contrast, the potential surface for the reaction 
NaCl + KBr-->NaBr + KC1 has a number of minima at close configurations, the 
deepest corresponding to a rhombheclral arrangement of the four atoms while 
shallow minima are found for linear arrangements. Trajectories such as that 
shown, fig. 7, following complicated paths and having lifetimes of up to 
2500 x 10_14  see are now seen and may decay either to reactants or products. 
Collisions of the direct type are also possible and contribute increasingly at 
higher energies, so that both direct and complex dynamics occur on this surface. 

These calculations are based on classical mechanics, though extensions to 
this method incorporating at least approximately the effects of quantum 
mechanics have been made. In these developments the phase shifts in the 
relative translational wave function, f(R) in eqn. (10), produced by the collision 
are calculated along classical trajectories. Differential cross-sections for 
scattering, for example, are then calculated by summing the results of individual 
trajectories but with the appropriate phase factor. In contrast with the 
purely classical calculations this approximation reveals the interference effects 
that occur when scattering through the same angle arises from severl different 
paths through the collision. 

In the absence of complete quantal calculations it is impossible to make a 
detailed comparison of the two types, of calculation. Nevertheless, except 
near threshold energies or when only a few quantum states are accessible, 
so that the problem of allocating the continuous classical distribution from 
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(a) Early release 

 

N 1'J L  
0' 	f(E) 

(b) Late release 

 

Fig. 5. The effect of early (a) and late (b) release of reaction exothermicity on the 
fraction of available energy, f(E), that appears in internal modes of the 
product. (Bunker 1964.) 

this type of calculation into quantum boxes becomes severe, the methods 
appear to yield results  in good agreement with quantum calculations. It has 
certainly become one of the most useful tools in the interpretation of 
experimental data. 

The third class of theories view the transient collision system as a distinct 
species with a known structure and consider some óritical configuration. The 
assumption is then made that all quantum states in this region of phase space 
that are accessible given the energy and angular momentum constra jnts that 
are built in at the birth of the 'complex' are equally populated. This may 
be true either for collisions averaged over impact parameters or perhaps more 
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Fig. 6. Classical trajectory for the 11+11 2  collision at 12 eV on the Porter Karplüs 
surface. The interatomic distance for each atom pair is plotted as a function 
of time. The collision results in reaction. (Karplus 1970.) 

generally over a small range, e.g. of collision energy. Once in this critical 
configuration some probability is associated with decomposition of the complex 
to products or back to reactants. This type of theory is applicable to systems 
in which all the modes are strongly coup]ed; collisions with long lifetimes 
generally fall into this class though formation of such a complex is neither a 
necessary nor a sufficient condition for vø lidity. 

In the phase space formulation strong coupling is assumed for collisions 
having impact parameters less than some value bmax and the critical 
configuration is taken at the well separated products. The probability of 
product formation from this configuration is thus unity and the cross-section 
for the reaction is: 

• 	 number of accessible states in products 
UR'lTb2rnax 	 - 	 ( 12) 

tctal number of states accessible from complex 

10 

1 	• 	2 	3 	 4 	 -5 	 -6 	 7 

- 	Time in (10 -1 2 s) 

Fig. 7. Trajectory for a NaBr+KC1 collision showing each 
interatomic distance. (Brumer 1973.) 
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The RRKM theory is similar but now identifies the critioal configuration for a 
reaction channel as occurring when an energy Ec  is exceeded in a specified 
degree of freedom, a vibration along the dissociation axis of the complex. The 
lifetime of a complex of energy E in this model is given by: 

1/ E \(s-1) 

(13) 

where s is the effective number of oscillators and i is the average vibrational 
frequency in the complex. In theories of this type there is no potential 
information input, except that inherent in the structure assumed for the 
complex, once the original statistical assumption is made so that the quantities 
b max 'S, eto., are essentially parameters available for fitting data and from 
which rather intuitive conclusions may be drawn. On some surfaces the 
statistical approach may be valid in some regions but not others, while on 
surfaces containing wells at close configurations of all the atoms (which are 
conducive to complex formation) but which also have sizeable product 
interactions on the exit side of the potential, dynamical effects, such as excess 
translation energy in the products, may be superimposed on an otherwise 
statistical distribution. Finally the transition state theory which is widely 
used in interpreting thermal rate date considers a critical region, length 6, 
near the saddle point of the surface. If reaction can be associated with a 
free translation at this point along a single dimension the concentration of 
activated complexes' with this configuration can be calculated using 

equilibrium statistical meChanics: 

0+ 
N= ---- (27.m+kT) 112 (61h)[A][B] exp (—E/kT) 	(14) 

QAQB 

where Q+ is the partition function for the activated ôomplex less one degree 
of freedom which is approximated as a free translation (2 7rmkT ) 12 (6/h) and 

QA Q, [A][B] are the partition functions and concentrations of the reactant 
species. The rate of the reaction is now taken as: 

rate=N(kT/2irm+)1 " 2/6 	 (15) 

where (kT/27rm+) 2/6 is the average time for a system to pass through the 
activated complex configuration and the rate constant for the reaction is: 

rate constant= (kT/h) -- exp.( —E/kT). 	 (16) 
QAQB 

The input to the theory is thus Q and E, i.e. limited potential information 
around the transition state region only. The validity of the assumptions in 
this mode] which does not depend upon the existence of a long-lived complex 
but upon the use of equilibrium arguments to calculate the concentration of 
the transition state are not clear. Trajectory calculations to check this point 
suggest that its success or otherwise may depend upon the nature of the 
potential surface. 
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2. Experimental 
We have already seen that measurements of a cross-section for a reaction 

provide a much more stringent test of the theory for such collisions than a 
rate constant. This is true not only because much of the averaging, which 
makes a rate constant primarily sensitive to the Boltzmann distribution, is not 
present, but also because properties such as the differential cross-section can be 
related by quite straightforward mechanical arguments to the impact parameter 
or range dependence of processes. Measurements of this sort open the way to a 
dynamical understanding in terms of the trajectories followed by the individual 
atoms during the collision. 

Measurements of these properties have most significantly been made by 
crossed molecular beam techniques; though other approaches using spectro-
scopic methods have also provided important information. In the cross beam 
technique two well collimated and approximately translationally mono-
energetic molecular beams are allowed to intersect in a small vblume of space 
under high vacuum conditions. Molecules in a beam passing through this 
volume make at most one collision with a molecule from the other beam: those 
that do collide are detected, e.g. by a mass spectrometer which rotates about 
the scattering centre, so that the collision rate can be measured as a function 
of angle. Some form of velocity analysis, for example by rotating a chopper 
wheel in one of the primary beams and observing the flight time of the product 
to the detector is also usual. A fairly typical apparatus for this class of 
experiment is shown in fig. 8. The apparent complexity of the equipment 
arises from the need to maintain good vacuum under conditions of large 
leakage (i.e. beam flow) so that many stages of differential pumping are required. 
The beam sources work under hydrodynamic flow conditions so that supersonic 
jets of the reagent gas expand from nozzles into the first vacuum chamber. 
This adiabatic expansion produces a large amount of cooling both in the relative 
translational velocities in the jet and in the internal degrees of freedom in the 
reagent. At the skimmer the continuum flow changes to isolated molecular 
streaming so this situation is frozen in and a beam with very lqw internal 
energy spread results. The detector, a mass spectrometer with an electron 
bombardment ionizer is located in a U.H.V. chamber, often with liquid He 
oryo-pumping, and is buffered from the beam intersection region by several 
stages of differential pumping. These precautions are required to separate 
the directly scattered product from the otherwise overwhelming signal coming 
from reaction of the background pressures of the reagents. After ionization 
and mass selection the ions are counted into a multichanriel scaler or mini 
computer as a function of flight time from the chopper so that the product 
flux as a function of angle and velocity can be recorded. Specific experiments 
may differ from the configuration described but will usually retain most of the 
features mentioned: Thus state selectors or analysers using the rotational and 
orientation dependence of the electric dipole moment of a molecule have been 
used to examine the dependence of reaction upon these properties. 

Tñnable lasers have been used to pump reagent beams to specific vibrational 
states but more significantly as a product analysis tool. In this application 
a narrow band tunable laser beam irradiates the product flux and is swept in 
frequency through its characteristic spectrum. When the laser frequency 
coin cides with a molecular absorption line the products make a transitioh to an 
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Fig. 8. View of a molecular beam scattering apparatus showing two beam sources 
in differentially pumped chambers, the scattering centre and a mass spectro-
metric detector which is swung about it. (McDonald 1972.) 

excited electronic state and then reradiate (fluoresce). This radiation is 
detected and provides a signature  for each particular product state. This 
system forms a sensitive aind highly state selective detector, in which the 
dynamical and reagent state selection advantages offered by the molecular 
beam method are combined with the precision and selectivity in product 
analysis offered by spectroscopy. The technique is illustrated in fig. 9. 

The very richness of chemistry in the number of reactions possible means 
that even though several hundreds have been investigated this represents 
only an infinitesimal sample. Nevertheless some general features have emerged 
and suggeát, for example, that the distinction between direct and complex 
typs cf dynamics suggested as limiting behaviour by theory is a useful one. 
In this article no attempt will be made to provide an exhaustive catalogue of 
the systems studied, rather a few cases will be selected as examples, often of 
1hO extieme ranges of behaviour. 
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Fig. 9. Laser induced fluorescence technique for product state analysis. 

(a) Reactions on ionic potential surfaces 
Historically the earliest reactions studied by the molecular beam method 

were those involving alkali metals and halogen containing molecules such as: 

	

K+CH3I-->KI+CH3 	 (17 
K+I 2 -KI+I. 

These reactions were attractive experimentally because the cross-sections were 
known to be very large (most chemists would describe them as explosions) and 
particularly since a sensitive detector, the differential hot wire, was available 
that could distinguish between alkali metal and alkali halide, the reactant and 
product in the examples. (A hot tungsten wire ionizes both species, a hot 
'dirty' platinum wire only the alkali metal.) 

Although no ab initio computations are available for the potential surface 
in these systems it is clear (from spectroscopic evidence and semi-empirical 
calculations) that their adiabatic potential is dominated by the transfer of an 
electron from the alkali metal (with a low ionization potential, Ip) to the 
halogen containing molecule, which may have a substantial electron affinity Ea 
The transfer occurs (adiabatically) at a distance: 

Bc e 2/(1pEa) 	 (18) 

• where R0  may vary from several tens of angstroiiis downwards! (Clearly when 
R6 is large there must be it considerable probability of non-adiabatic effects 
ev&i at -thermal velocities.) At distances closer than' Re  but outside the 
-repulsive core. where significant charge overlap ocurs the interaction between 
.the two molecules -is. coulombic. Since the alkali halide product is also ionic 
in structure the trajectories that lead to reaction do so under ionic forces that 
are strong and very long range in comparison with the dispersion forces 
operating between the neutral species and are alsd almost non-directional, in 
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character. Once the electron transfer has occurred these processes could be 
described as 'no electron' reactions. There are a large number of possible 
alkali/halogen, halide systems with different Ip s and Ea s so that the effect 
of varying the potential parameter B and the mass ratio of the speôies can be 
explored. 

The collision dynamics of two reagents in a crossed' beam can be represented 
mA Newton diagram, fig. 10. The two vectors UK,  V 12  are the initial 
laboratory velocities of the two beams intersecting at 90°, while V ' KI, v' 1  are the 
post collision ve]ocities of the product. The process is most easily discussed in 
a coordinate system travelling with the centre of mass of the system, c, so 
that the initial relative velocity is w K  + w 12 . A series of final (post collision) 
relative velocities vectors W ' K for the production are also shown. The 
maximum final velocity corresponds to the formation of product KI in its 
ground vibrational state so that the whole exothermicity of the reaction plus 
the initial relative kinetic energy, E, all appear in the translational velocity 
of the product. Product formed in higher states appears at correspondingly 
slower CM velocities. In the laboratory the scattered flux along the 
vector ' KI is measured: since a range of CM scattering angles x can all appear 
at the same laboratory angle it is necessary to measure the laboratory velocity 
to obtain the CM angular distribution. 

\ 

\ 

\ 

\ - 

Fig. 10. Newton diagramrepresenting-collisions in the system K+ 1 2-*KI+I. 

Results of 'theasurements'of this'type are normally' plotted in -centre of mass 
coordinates in a 'velocity contour map in which the vector distance from 
the origin represents the exit velocity of 'the product. 'Such a contonr map 
for the process K + ' 2 + I is shown in fig. -11: The product El is 
predominantly scattered in the forward direction, i.e. the same directioh as the 
incident K atom and has a rather low most probable final, velocity in comparison 
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with that permitted by exothermicity considerations. The product KI must 
therefore be formed in high vibration and/or rotation states. Integration 
of the reactive scattering over angle and velocity enables the total reactive 
cross-section to be measured; in agreement with other estimates a value of 
127 A2 , a very large cross-section, is found. 

In contrast the velocity contour map for the K+CH 3I reaction, fig. 12, 
shows almost the reverse behaviour with backward or recoil scattering and 
most of the reaction exothermicity appearing in product translation, i.e. the 
product KI is internally cold. The total reaction cross-section at the collision 
energy of 0- 15 eV for this process is -.35 A2  m 2 . 

200ms 1  

los1  

1000 - -, 
m 

Fig. 11. Map of KI flux showing the distribution in angle and velocity in the CM 
frame of the product from the K+12  reaction. (Rulis 1972.) 

Very detailed trajectory calculations have been performed on both these 
systems which are now perhaps the best characterized of any chemical reaction 
and judicious adjustment of the. pptential surface has permitted most of the 
observed behaviour to be reproduced. However, the most important features 
can be understood by considering the changes in the potential surface as R 
alters. In the K/I 2  reaction R 6 A, a distance at which the dispersion forces 
are still small and the potential is of the early downhill type with most of the 
reaction exothermicity being released as attraction between K+ .and 12  before 
the nonreacting I has moved an appreciable distance. The dynamics are like 
those in fig. 5 (a) and result in considerable vibrational excitation as the 
motion 'overshoots' the exit valley and bounces out. Furthermore, the 
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12 ion is only weakly bound and at the 12  equilibrium distance at which it is 
presumably formed there is only a very weak force between the two iodine 
atoms. Thus the iodine atom remote from the attacking K is hardiy coupled 
to the dynamics after electron transfer and 'spe'ctates'. CoiTservation  of 
momentum then requires the product to exit in the forward diretion with an 
angular distribution governed by the momentum brought to the KJ by the 
captured iodine. (The so-called stripping dynamics, of nuclear physics.) 
Of course, small impact parameter collisions or those in which the spectating 
iodine atom undergoes a second collision with the nascent.KI will occur and 
can be expected to have rather different dynamics; it is collisions of this type 
that may account for the small amount of transitionally hot product that is 
seen. However, these small impact parameter collisions contribute only 
10-20 per cent to the overall product yield. 

In the 0H13/K reaction the methyliodide is only weakly electron negative 
and R is much smaller 35 A. The captured electron presumably enters 
the lowest unoccupied orbital, 2a, in the 011 31 which is dominantly located on 
the iodine atom. This is an antibonding orbital and at neutral 011 31 equilibrium 
carbon iodine distance produces a very strongly repulsive potential. Electron 
transfer thus switches on a repulsive force between the two products. The 
potential surface is of the late release or product repulsion type and we expect 
dynamics like these of fig. 5 (b) leading to low product internal excitation. 
Furthermore, since only small impact parameters, or almost head on collisions 
can reach Rc  and so stand a chance of reacting we expect the product to recoil 
rapidly backwards as is observed. 

Interestingly, the translational energy release in this reaction is very similar 
to that found in the photodissociation of 011 31 which involves excitation of 
an electron from a non-bonding to the same 2a antibondiñg orbital, though 
in the reaction the presence of the K+ ion must perturb the bonding scheme 
somewhat. The roughly Gaussian shape of the energy distribution seen in 
fig. 12 follows from Franck—Condon effects for transitions from the ground 
vibrational to the repulsive state of the 011 31' as is also illustrated in the figure. 
These two reactions are both good examples of direct dynamics showing very 
ndn statistical energy distribution between product degrees of freedom and an 
angular distribution which is unsymmetric between forward and back directions. 
Of course, they represent rather extreme types of behaviour, but many other 
systems of this general ionic type Tall between these examples depending 
upon R and the nature of the reactant negative ion.' 

The four centre ionic exchanges such as 

Na+RbOl-->NaOl+Rb 
and 

NaOl +KBr—>NaBr+KOl 

which have already been mentioned in the discussion of trajectory• calculations 
illustrate a different type Of dynamics: those involving the formation of a 
complex with a long life (in' comparison' with vibrational motion 10 13  s). 
If the assumptions of the RRKM model are'valid the requirement for statistical 
behaviour is  

/ (E) \(s_1)  

1\(E_EQ) 	
,1  
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Fig. 12. Flux of KI product from K+01131  reaction and illustration of a vertical 
transition from 011 31 to an antibonding state of 011 31'. on electron transfer. 
(Data from Gillen 1970.) - 

for the decay of the complex via any channel, differing channels possibly having 
different energy barriers. The most striking feature of the product distribution 
in this case is the forward back symmetry about 7r/2 which is characteristic of all 
collisions in which a complex living longer than its rotation period is formed. 
At first sight it would seem that the decay products from such a complex would 
be scattered isotropioally. This is not the case, since 'the specified initial 
relative velocity in the collision produces a polarized complex even though the 
initial beams were unpolarized. The total angular momentum of the complex, 
J, is the sum of the internal angular momentum of the moleoules forming the 
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complex, j, and their relative, initial orbital angular momentum L. If the 
complex formation occurs with a large cross-section Lj>>j1  so that JLj and 
the total angular momentum of the complex (like L 1 ) will be distributed 
uniformly in a plane perpendicular to the initial relative velocity v. I is a 
constant of the motion so that on break up of the complex it must be partitioned 
again between the products' internal angular. momentum, j, and their relative 
motion L. The angular momentum in the internal motion of the products is 
constrained only by conservation requirements but once fixed the angular 
distribution of product follows from geometry. The situation is illustrated 
in fig. 13. In fig. 13 (a) no angular momentum appears in the product and the 
exit relative velocities are distributed isotropically in a plane. ' Since I is also 
distributed in a plane about v the scattered product distribution results from 
compounding the two distributions to obtain the forward and backward peaked 
distribution shown. In the cases in (b) the product angular momentum isj f  so 

= 0, J =L1 

	

j 	 I 	 jf=J 	:'4 

	

V 	U2 
(b) 	

" Jf 09J 

	

j1=0,J=L 	
. 	 . 	n 

=05J 

Fig. 13. Product angular distribution from a long lived complex showing the effect 
of different partitioning of the total angular, momentum j in the complex 
between internal angular momentum of the products and orbital angular 
momentum at exit.  
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that L is tipped out of the incident plane and the scattering is restricted to a 
sma]ler angular range in the centre of mass and in the limit the scattering peaks 
at IT/2. 

In the reactions mentioned the scattering in the CM is symmetrically peaked 
at 0 and ir indicating only weak rotational excitation of the product, a result 
which could be anticipated from the small exothermicity in these reactions 
which limits the possible rotational excitation, j. The distribution of energy 
between translation of the products and internal modes with 15-20 per cent 
appearing in translation is also in good agreement with a statistical mdel. 
The ratio of the two possible decay modes for the complex back to reactants 
or forward to products was, in contrast, markedly non statistical in the case 
of the four centre reaction. Instead of the almost equal decay rate. expected 
in each direction (since the surface is almost symmetrical) only about half the 
expected product was found. From the trajectory calculation it appears that 
this deviation is due to two possible structures for the complex. The first 
in the region of the deepest well in the potential surface with a rather compact 
trapezoidal structure, the other structure is approximately linear and again 
corresponds to a minimum in the potential; in this case the exchange which 
must involve the interaction of the two ends of the chain is rather unfavourable 
since centrifugal forces operate to keep the chain extended, though not to 
limit energy flow. 

(b) Reactions on a covalent surface 

The potential surface between species in which no substantial charge 
polarization occurs are described as of covalent character. In direct contrast 
to ionic surfaces these tendtobe rather short range and have marked directional 
properties. A good example of a reaction of this type is F + 2  ->HF + H for 
which very detailed data is available, both from molecular beam and 
cherniluminescence methods. The total reaction cross-section js2A2  at thermal 
energies and since the reduced mass is comparatively small the orbital angular 
momentum associated with those trajectories which react is quite small 30/I 
(cf. J 700/i for K+1 2). The initial internal angular momentum of H2 at 
thermal energies is also small and since the exit H atom oan[ carry away only a 
small amount of orbital anguJar momentum the product HF cannot be 
rotationally very hot. 

The scattering distribution, fig. 14, reflects this effect in the small islands 
of intensity corresponding to product formation in particular vibrational states. 
The width of each island being a measure of the rotational excitation in the 
product—the distribution is sufficiently narrow that the various vibrational 
state contributions do not merge (as in KI from K+1 2). The v = 4 state of 
the HF is the dominant product so that this reaction produces a large 
vibrational population inversion and is in fact the basis for a chemical laser 
system. Even more detailed information can be obtained from chemi-
luminescence experiments, in which the i.r. radiation from the products in a 
time short with respect to any relaxation effects is used to determine the 
vibratiOnal and rotational distribution of the product. This information on 
product state distribution is conveniently summarized in a triangle plot, 
fig. 15, in which each vertex represents total release of the reaction energy into 
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'ig. 14. Flux map for DF product from the reaction F+D 2->DF+D, laboratory 
distribution. The different vibrational states in the product are easily 
distinguished. (Schafer 1970.) 
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Fig. 15 Triangle plot for DF product from F+D 2 ->DF+D. (Polanyi 1972.) 
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either translational, vibrational or rotational energy. The figure shows that 
the product is rotaionally quite cold with most of the reaction energy ending in 
vibrational excitation. Somewhat surprisingly, the observed vibrational 
distribution can be represented by a single temperature like parameter of 
—2700 K (as can the reaction F+D 2 ->-DF and a number of others). The 
significance of this apparentiy statistical distribution embedded in a direct 
collision process with very non-statistical overall behaviour is not clear. 
A potential surface has been calculated for this reaction though trajectory 
studies on it show the features of the reaction to be very sensitive to itsdetails. 

Reactions of the type H + 01 2, Br 2, 1 2 ->-HC1 + Cl, etc., are also of the direct 
type with the energy release into translation closely similar to that fourid'-iff ' 
photodissociation, fig. 16, suggesting that the same electronic structure is 

I I I 	liii 	 J, 	
.•-00 

-. 	 CM 	 1000m s 1  

Fig. 16. Flux map for produt frOm reaction of H+C12,Br2,12.  Note the steady 
forward shift in the peak scattering as the electronegativity of the halogen 
decreases, C1 2 >Br 2 >12. (Herschbach 1973.) 
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involved in the transition state as in the photo excited halogen (cf. 011 31 in 
which a similar parallel is observed). The observed shift in the angular 
distribution from directly backwards for the chlorine reaction to 1 100  for the 
iodine also correlates with this view; Since the attacking atom is so light in 
comparison with the target halogen the angular distribution is primarily 
dependent on the orientation of the target and H atom when reaction occurs. 
In accordance with Walsh's  rules, we might expect the H - X - X transition 
state to become more bent as the central atom becomes less electronegative 
and the 2a orbital acquires more p character along the Cl, Br, I sequence. 

Finally as an example of a reaction on a covalent surface involving a collision 
complex we cite the process: 

• 0(P)+Br 2(')--BrO( 211)+Br( 2P) 

which apears to fit well statistical predictions based on 0—Br - Br structures 
for the complex (Parrish 1973). 
'The few examples that could be discussed here do not do justice to the 

icmber of reactions that are now beginning to be understood in the detail 
d1escribe. In future work, the experimental range will be further extended, 

articularly in the direction of the more complicated reactions typical of 
synthetic chemistry where even quite crude measurements would be 
informative, as well as to reactions of wider scientific importance such as those 
mentione1 in the introduction. In simpler systems measurements will be 
extended in energy range and resolution so that the region in which the 
traneitidii from complex to direct dyhamics occurs can be probed and the 
,inevitable failure of statistical models explored in detail. Experiments with 

en more detailed channel specificity to study. for example the role of reagent 
oflentatin, a murky area in chemical kinetics, and the vector distribution of 
angular thomentum in the product will also be increasingly important, while 
the-noña1diabatic effects in potential surface crossing will also be of interest. 
In short, much more detail can be expected and will tax our models for the 
chemical reaction process, particularly if associated with some a priori 
information as to the potential surface involved. Indeed, in the medium term, 
it is the computation of potential surfaces with sufficient precision to allow 
useful comparison with experiment that may prove the major obstacle to our 
further understanding of the dynamics of chemical change. 
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Dr. M. 'A. D. Fluendy, Dr. K. P. Lawley, Mr. J. M. McCall and Dr. C. Sholeen 

(Edinburgh University) said: Elastic and inelastic differential cross sections for 
molecular collisions in the 100-300 eV range have been measured using a time-of-
flight technique. A typical measurement of 'the system K + CH 3I at an impact 
energy of 164eV is shown in fig. .1. The main features observed in this system are: 

Largelosses in the elastic channel with an onset at 95 eV°. 
Substantial cross sections for electronic excitation of scattered K atoms, 
dominantly to the 4p level but with a minor fraction exiting in the 5s or 3d 

/ configuration. These processes also onset at small EO values close to the 

onset of losses in the elastic channel. 
Energy losses corresponding to electronic excitation of the CH 3I are also seen 
but have much smaller cross sections and onset at considerably larger EU's 

than for the K* excitation process. 
At still larger EO's an excitation process at 12 eV---possibly the excitation of 

an autoionising state of CH 3T is seen. Measurenients at different inipact 
energies show similar onsets at the same EO's. 

• 	 These qualitative features are interpreted on the basis of the following simple 
model. 

The potentials are àssümed to he spherically s metriC. A cut through the 
surfaces evolving from the \.riQus states involved in the collision is shown in 
fig. 2. These diahatic surfaces átt'hased loosely upon those used by Raff and 
Karplus 5  and LaBudde et al.6  
At the collision velocities >2 x 10 m s 1 .and the small scattering angles. 
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A. M. Stoneham, Theory of defects in solids (Clarendon Press, Oxford, 1975). 
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L. M. Raff and M. Karplus, J. Chem. Phys., 1966, 44, 1212. 
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<5°, used in these measurements the internal motion of the CH 3 I target is 
effectively frozen during the collision. 

(iii) The Landau-Zener approximation is used. 

Comparison of fig. 1 and 2 then suggests that the distinction between the small EO 
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Fio. 1.—Differential scattering cross sections for K ± CH 3I at centre of mass energy 164 eV impact 
energy. The cross sections are normalised to the ground state neutral potential, V11 , of LaBtidde 
et al.6  The spectroscopic states of CH 3I are labelled as in Herzberg. 4  Energy losses (cv) xO.0; 

+1.6; 02.6; 03.5; 06.2; e7.3; A9.6; y12.0. 
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• 	FIG. 2.—Diabatic potential surfaces for K Jr CH 3I. 
• 	 • 	 G. Heriberg, Electronic Spectra of Polyatosnic Mol'cule3 (Var Nostrand, N.Y., 1966). 
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processes leading to K excitation and the larger £0 collisions required to excije the 
CH3I originate in the diabatic ionic potential which crosses all the KS states on its 
outer branch. In contrast the CH 3 1 5  states interact only at shorter distances on the 
repulsivewall. (The dissociative A state of CH 3I which lies asymptotically just below 
the energy of the separate ions will interact at long distances where the matrix element 
is small, though some contribution perhaps 30% of that of K(5s 3d) from this process 
cannot be excluded on the basis of these experiments.) 

The excited K states thus feed from the ionic surface and onset when the incident 
collisions can reach R13 . K ionisation and excitation will thus have a common onsef, 
though successive leakage of flux to excited states via crossings such as R will reduce 
the ion production cross section. - 

The EC onsets associated with the various crossings can yield estimates for the 
crossing radius via the small angle approximation 

dl' Monse,= R L. (-*) (R2 - b2) - d R 

Thus if V11  is assumed R 13  can be calculated. Under this analysis the surface of 
LaBudde eta!, yields R 13  = 3.05 A in good agreement with the value 3.1 A chosen by 
them on other grounds. -The LaBudde neutral potential also provided a good fit to the 
elastic cross sect ion below 95 eV°, though the angular range where data are available 
is not large. This potential thus seems a good approximation to reality so that the 
observed cross sections can be placed on an absolute scale by comparison with calcula-
tions from this surface. Extrapolation of the elastic neutral surface cross section to 
larger E0's enables the total (all channels) inelastic scattering to be estimated and hence 
by difference the probability of ionisation for trajectories in this region of impact pára-
meter space. Application of the L-Z approximation then provides an estimate for 

= 0.28 eV the matrix element for crossing from the neutral to the ionic surface. 
The excited state crossing radius R 23  lies in a region where the ionic potehtial is 

essentially coulombic while the neutral K 5 /Cl-1 31 potential is expected to he small so 
that R can be estimated directly as 4.7 A. Application of the L-Z, approximation 
at R to those trajectories which have already crossed to the ionic surface at R 3  then 
yields V = 0.09 eV for the corresponding matrix element. - 

These observations support the arguments of Lacmann and Herschbach' concern 
ing the role of the ionic surface in producing electronic excitation. In the high 
velocity region of these experiments the dynamics are essentially two body. The 
suggestion of Balint-Kurti eta!, concerning the mechanism for ionisation mM HF 
should thus be accessible to test by examining the velocity dependence of the inelastic 
differential cross sections so as to establish the location of the line of intersection 
between the ionic and incident potential surfaces. As the interaction moves from the 
incident to the reactive exit region of the surface we expect the dynamics to change 
from 2 to 3 body. 
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Abstract The use of velocity modulation techniques to 
enhance signal-to-noise ratios in time-of-flight analysis of 
molecular beam scattering is discussed. The design, 
construction and performance of such a device' for use in 
experiments with charge-exchanged beams are described. 

1 Introduction 
Atomic and molecular collision processes are normally 
described by interaction potentials between the colliding 
atoms together with terms representing coupling which 
induce transitions between the accessible quantum states 
of the colliding species. Except in very favourable circum-
stances, these potentials and coupling coefficients. are not 
available from theory with any accuracy. Measurements 
of the elastic and inelastic differential scattering cross-
sections can, however, be interpreted to yield interaction 
potential and coupling coefficient data for comparison with 
theory (Smith 1969). 

If the atomic, states excited during the collision involve 
exchange of energy between the relative motion of the atoms 
and their internal modes, measurement of the 'elocity 
change produced by a collision is sufficient to specify the 
excitation process. Measurements of the ineldstic differential 
cross-section at a specified initial relative kinetic energy thus 
require the scattered atomic flux to be determined as a function 
of the velocity change and deflection angle produced by the 
atomic collision. Such velocity èhanges can conveniently 
be measured by pulsing one of the beams and recording, 
at a fixed distance, the resulting scattered flux from the 
beam pulse as a function of time. In this way each exit 
channel is distinguished. 

In the most direct realisation of this approach a single 
narrow pulse is transmitted at well spaced intervals; the 
disadvantage is then the very low beam utilisation, and 
hence signal-to-noise ratio, that results' as -  the transmitted 
pulse is narrowed to achieve the required energy resolution. 
This limitation can be circumvented by the use of a cross-
correlation technique in which the source is modulated 
on—off by a suitable pseudo-random sequence. Cross-
correlation of the resultant detector signal with the random 
code then produces an approximation to the required impulse 
response. This technique allows up to 50% beam utilisation  

29 
but spreads thestatistical noise evenly through the arrival-
time spectrum so that regions of low intensity are measured 
with lower accuracy. Pseudo-random modulation is thus 
not suited to spectra dominated by a large peak yet having 
important information in weaker subsidiary peaks, as in 
this work. Both methods are also limited by the difficulty 
of producing the narrow pulses (less than 100 ns) of neutral 
atoms required (Fowler and Good 1960, Secrest and Meyer 
1972). The merits of both techniques have been discussed-
in detail by Beijerinck (1975). 

In this paper an alternative approach to beam modulation 
for time-of-flight measurements is described. In this system 
the beam is pulsed and accelerated simultaneously so that 
particles near the trailing edge of the beam pulse are accele-
rated to catch up with those near the leading edge by the 
time the detector is reached. The extra energy spread intro-
duced by this acceleration can .be substantial, but does not 
usually exceed 5%, a figure comparable to the angular 
resolution achieved. At the same time the beam pulse at 
the detector is compressed so that a substantial increase in 
the duty cycle can be achieved without loss in the resolution 
of the energy. loss, produced in the collision. 

The use of sinusoidal bunching fields is of course well 
established, for example, in the klystron (Farago 1970) and 
in' acëlerators (Lefevre et a! 1962). 

2 Velocity modulation 
2.1 Requirements 
The cross-sections of interest, 	E, LE), are functions 
of scattering angle x' collision energy E and energy loss 

as revealed by changes in flight time. The resolution 
required in energy loss depends upon considerations such 
as the need to distinguish between collisions leading to 
different final exit states. The resolution in flight time required 
Is 

&/t =26(LE)/E' , 	 ' (1) 

where (iE) is the energy loss resolution needed and E is 
the primary-beam energy. The achievable resolution is 
limited by the final energy spread SE in the primary'neutral 
beam. In the present experiments this spread is about 02 cv, 
corresponding to StIt in the range 102_104 for E= 10-1000 
eV and it is desirable to work close to this limit. 

In collision scattering at'small 'angles it is easily shown 
that the impact parameter is a function of the product E= 
so that the precision with which a process may be located 
in impact parameter space depends upon the resolution: 

r/r = E/E + dxIx 
	

(2) 

where 6E/E and S XI X  are the relative FWHM resolutions in 
collision energy and scattering angle, and it is natural to 
choose 8E1E81 when designing an experiment. In 
principle, to obtain maximum detail from an experiment 
8r/r should be set to the quantum limit. In practice, intensity 
restrictions which vary approximately inversely as the resolu-
tion set a, limit - to the usable resolution. In this work 
6 xIx 0 '03  so that 8EIE should be similar. Comparison 
with the limiting energy loss requirement, 02 eV, suggests 
that a much better beam energy resolution will be required, 
with a corresponding decrease in beam intensity below that 
which might be suitable for measurements in T. 

Contrary to these expectations, however, a time-focusing 
velocity modulation technique will allow both these condi-
tions to be met simultaneously. By deliberately increasing 
E/E in such a way as to decrease 8tft we can 'tailor the 

shape of the phase space distribution available in the primary 
beam to suit the experimental requirements. 

0022-3735/78/0007-0631 $01.00 © 1978 The Institute of Physics 	, 	 ' 	631 
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if an initial beam pulse of duration 8t' and energy spread 

6E' is modulated in such a fashion as to produce a pulse 
of duration &" (satisfying the StIt requirement) and an 
increased energy spread 8E" (satisfying the 8EIE requirement) 
then the Liouville theorem requires 6E'8t'= E"6t". Since 

E">8E', then 8t'>&", i.e. we obtain the required time 
resolution with an enhanced utilisation of the beam and 
consequent improvement in signal. 

2.2 Design 
in this experiment the primary neutral-atom beam is formed 
by charge neutralisation of an ion beam so that the beam 
energy and any required modulation can be impressed by 
suitable electric fields. The modulation scheme is shown 
in figure 1. 

zi 	z2  

V0 	I 
-. 

 - 

 

---------- — — — — — — — — I ——--—---- 

'Figure 1 Diagram showing compression zone and flight 
path to the detector. 

Tns of mass m with a well defined velocity vo enter the 
pulser at Zi; the requirement is to apply such a time-
dependent field between plates Z1 and Zz as to 'focus' all 
the ions in this region so that they arrive nearly simultaneously 
at the detector distant I from Z2. 

Consider an element of beam located between Z1 and Z2 

at the start of the modulation sequence at time t=0. After 
modulation this element will have its initial energy E(=4mvo2) 
incremented by an amount €(ta), where ta is the time of 
flight in the field, i.e. Zi to Z2. The velocity of the element 
will now be Ruo, where - 

R 2  = 1 + €(ta)/E, 

and this element will arrive at the detector at a time 

t(ta)1/RVo+ta. 

For an element at Z2at t=0, ta=OSO that 

t(0) = 1/va, 

and we require e(ta) to be such as to bring theother elements 
to the detector at the same time, i.e. 

I/Rvø+ta= I/vo = t(0), 

so that 
R— l/vo 
- 1/ vo - 

and the required energy modulation is 

- 
	

(Tl—

v—VO l'2 
E(ta)E(R2 1)E'taj 

	
1. 	(3) 

€(ta) is closely linear with Ia when ta/t(0)'l and this is the 
interesting region since the resolution requirement for 
IE/E €(fa)JE restricts our interest to situations where the 
distribution produced by the modulation is only a few per 
cent, so that the required modulation function can readily be 
implemented - 

Since the pulse length is small compared to the total 
flight path 1, equation (3) yields 

E(ta) = 2EtaVo// 

while, since e(ta)E, taX/VO where x is the distance of the 
element from Z2 at 1=0 and e is the electron charge: 

E(ta) z 2Ex/lz exF. 

A steady electric field F applied at 1=0 between.Zi and Z2 
will thus 'time-focus' ions in this region if 

F=2E/le. 	 (4) 

The duration t of this pulse and hence the required length 
of the pulser L are ultimately limited by the nonlinearity 
of equation (3) but inpractice the energy resolution required 
will determine them as 

t(I/vo) 6E/E and so L=l(E/E). 	(5) 

The enhancement in signal intensity in each pulse as a result 
of this compression will be, as expected, 

Enhancement 
= E/E after modulation 

E/E before modulation 

For the present system a final value of E/E = 0.05 should 
yield an enhancement of 25, considering the known energy 
spread (02 eV) at 100 eV. 

The possible pulse repetition rate will depend upon the 
structure of the signal but in some cases beam utilisation 
could approach 100% if the information is contained in 
the period t after the arrival of the main pulse. it is interesting 
to note that the signal-to-noise ratio with this technique is 
considerably better than in the unmodulated DC beam 
experiment, the reverse of the usual situation in which 
additional state or energy analysis decreases the signal. 

Since inelastic collision processes alter the flight time in 
the apparatus, some defocusing of these inelastic peaks 
occurs. For large-energy-loss processes it may be necessary 
to alter the focusing voltage F so as to focus these peaks 
specificafl. The magnitude of this effect can be seen in 
figure 2. 
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Figure 2 Focusing field for a flight path of 1 m for a range 
of beam energies. The two lower lines show the focusing 
fields required for energy losses of 10 and 20 V in collisions 
60 cm from the detector. 
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Signal enhancement by velocity modulation 

More detailed computations including the effect of the 
initial internal energy spread in the beam have been made 
numerically as an aid to design. The results of these calcula-
tions are compared with the experimental performance in a 
subsequent section. 

92b  aR IJL~4 
- 15mm- 00mm(- -------- 53 aim -- -----  

Figure 3 View of the modulation showing the X-pulse 
plates 2a and b, the Z-modulation system, plates 4-8 
(R= 125 Q) and the final refocusing and steering plate 9. 

3 Construction 
The pulser device constructed is shown schematically in 
figure 3. The entrance (1) and exit apertures (8) are at earth 
potential. The X-modulation plates (2a, b) in conjunction 
with the aperture (8) turn the beam on and off. Modulation 
applied to these plates is used to fill plates (4) to (8) of the 
pulser region with ion beam; the open time of the X modula-
tion, 1-2 t, is timed in advance of the Z modulation so that 
the leading edge of the transmitted beam pulse reaches (8) 
as the Z-focus pulse is applied. The Z modulation is applied 
between plates 4 and 8; the intermediate plates operated 
at linearly interpolated voltages help to preserve field uni-
formity in the pulser. These lens plates are shunted with 
resistors to form a 50 D termination to the coaxial - pulser 
drive line. 

The X modulation is arranged symmetrically about ground 
potential so that during beam-on periods both plates are 
at 0 V. Nevertheless, during the switching period of these 
potentials the finite thickness of the beam results in some 
undesired energy modulation in the leading and trailing 
edges of the beam pulse in the compression region. Effects 
of this type produce a broadening in the far wings of the 
detected atom pulse. Since this region is where the possibly 
weak inelastic scattering events are found, such broadening 
can sharply reduce. the signal-to-noise ratio in an experiment. 
The trailing edge of the atom pulse can be sharpened and 
this effect overcome by applying a second step voltage to 
the Z plates immediately after the focusing pulse. The ampli-
tude of this 'clearing' pulse is chosen so as to accelerate any 
ions in the trailing edge of the X pulse so that they reach 

Plate 2a 

On 	 Off 

PlateJ 	 .- - 

X modulation 
PlateL 

sCleor- 

Plate 8 at 0 V 

Z modulation 	I 1ps I 

Figure 4 Pulse timings are illustrated for 200 V beam 
energy. The delay between the X- and Z-pulse trains 
corresponds to the beam flight time between plates 2 and 4. 

the detector at a time of no physical interest, e.g. for forward 
centre-of-mass scattering they can be dumped into times 
before the arrival of the main elastic peak. The appropriate 
pulse timings are shown in figure 4 and table 1. The on-line 
computer system and interface arrangements used in these 
measurements are described elsewhere (Fluendy et al 1975). 

4 Performance 
The atom arrival pulses obtained using this technique are 
shown in figure 5. The results of calculations assuming a 
beam energy spread equivalent to the source temperature 
(1700 K) are shown dotted in comparison. The additional 
width seen in the histograms arises in part from time spreads 
in the electronics which account for perhaps 20 ns of the 

I 
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C 
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C 
:3 
0 
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U 	 D 	 IU 	 3 	 IU 

Channel numbr 

Figure 5 Comparison of calculated and observed 
perforthance at 200 V and 100 V. Calculated values are 
dotted lines (each channel is 20 ns wide). 

Table 1 Pulse timings. 

Beam energy X width Delay front 
(V) 	 (ns) - 	 X to Focus 

(ns) 

100 	 1600 	3200 
200 	 1280 	2560 

Focus 	 Clear 

Width Amplitude Width Amplitude 
(ns) 	(V) 	(ns) 	(V) 

1280 	9-6 	640 	15 

1280 	19-2 	1280 	30 

Duty cycle Energy resolution 
(%) 	8EIE 

25 	0-04 
25 	 0-07 

- 	 I 	 - 	 - 
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extra width. The remaining discrepancy may arise from 
time spreads in the detector itself or in space charge effects 
in the beam source. At beam energies of 200 V or more 
the former effects are dominant, while at lower energies the 
energy spread in the beam, fluctuations in contact potentials, 
and space charge effects play the most important role. 

Experience has shown that the performance of the system 
depends as expected upon the cleanliness and careful align-
ment of the lens assemblies. Additionally it is found that 
setting the lens potentials for maximum transmission loes not 
necessarily produce the ptimum pulse shape andthat some 
experimentation is usually required in setting up. 
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Inelastic differential scattering cross sections for the system potassium + alkyl halide have been 
measured in the small angle region for EX between 20-1000 W. Electronic excitation of both colli-
sion partners is seen together with vibrational excitation of the alkyl halide. 

Evidence is adduced suggesting that excitation occurs by, either of two paths corresponding to the 
preliminary transfer of an electron in the entrance channel Or as the colliding pair recedes. A 
harpooning model incorporating bond stretching in the negative molecular ion is developed that agrees 
well with most of the observations. . 

A large number of exit channels are open in the collision system alkali atom + 
alkyl halide at higher energies. They include: 

M + RX 	M. + RX(RXt) 	elastic (inelastic) 	 (i) 
-* MX + R 	 reaction 	 (ii) 
- Mt + RX 	- chemi-ionisation- 	(iii) 
_±M*+RX1 

M + Rx* 	. 	electronic excitation 	(iv) 

-p. M + R + X 	dissociation. 	 (v) 

The first two processes have been extensively investigated at therm'al collision energies 1.2  
and are well known examples of the electronic harpooning mechanism, 'subsequent 
:hemical reactionoccurring at thermal energies by ionic combination. 

The chemi-ionisation channel is less well explored 3  but provides direct evidence for 
ion-adiabatic behaviour at the ionic/covalent surface crossing. The importance of 
in ionic surface in coupling ground and excited electronic states of the atom is con-
i rmed .by collision-induced fluorescence studies. 4  
• In the work described here continuing the programme outlined in a previous 

araday Discussion, 3  we have eliminated the reaction channel by working at high 
elative kinetic energies and choosing a heavy halogen atom, iodine. Equally im-
ortant from the point of view of analysis, by confining scattering observations to 
ery small angles (5°) the K atom trajectories are essentially rectilinear and of con-
tant velocity. Nevertheless, because the forward momentum is high, interesting 
egions of the potential inside the harpooning radius can be probed by these small 
kflections. Electronic excitation of several eV is-readily observed. 
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EXPERIMENTAL 

APPARATUS 

The apparatus used in this work is shown schematically in fig. 1. The beam of fast alkali 
atoms was produced initially as ions by surface ionization and electrostatic focusing. The 
ion beam was then pulse modulated; using a velocity compression technique described else-
where, 6  so that the energy loss resulting from a collision could be recorded by measurement 
of the flight time ofthescattered atom and hence the p,ost-collision states'of the atom and 
molecule inferred. After modulthion the ion beam was neutralised ma vapour cell and any 
remaining ions deflected away....;'  
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detector assembly 

Fi:l .—Schematic representation of apparatus. 

'The fast neüt'rãl'bèaTh thénintercepted a slow target beam of molecules formed by effusion 
from a capillary array in a well defined collision zone. This beam was also modulated (at 
47 Hz) and the target flux continuOusly monitored by a gauge placed directly below the 
collision zone. 	-- ---. 

Potassium atoms scattered from thi region were ionised on a;cool .W wire and detected 
via a scintillator and photomultiplier. The detector could be variedin angle with a precision 
of ±0.002 °. Atom arrivals located in angle-by the detector position were arranged to stop 
a 50 Ml-Iz clock running in synchronism with the pulse modulation so that the flight time 
could be recorded. .  

The collection of data and the operation of the experiment were controlled by an on-line 
computer. 7  . The signal collection and experimentat contrOl arrangement are shown schemati-
cally in fig. 2. Hard copy log and graphical output facilities were provided to allow operator 
intervention. -. • a 

DATA COLLECTION' AND ANALYSIS 

Count rates are very low in this experiment (<0.01 counts s') and periods of 12 h 
were required to collect sufficient counts at the widest angles. Data c011ection thUs took place 
over periods of about five days.. During this time the main beam arrival time profile was 
checked at intervals under program control and data collection suspended and the operator 
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alerted if any significant changes in the beam fluxes or other operating conditions took place. 
The angular scan was made automatically to a predetermined sequence, angle changes being 
initiated automatically when, a set precision had, been reached.  

The data reported in this paper were accumulated over a period of about eighteen months 
during which time the equipment was removed from one building to another and a number 
of small changes made. Partly as a result the time location of the primary beam pulse varied 
by as much as 30 ns between different experiments. The data were therefore adjusted in.time 
so as to be relative to the dnscattered beam 'arrival as, measured in each experiment. Any 
accompanying variation in the pulse width was 'corrected by a process of deconvolution and 
reconvolution to a standard pulse width, the stability of these opeations being checked by 
trials with synthesised noisy data Inconsistencies of this type between different experimental 
runs rather than counting statistics account for most of the noise seen in the results. 

After, these adjustments had been madein the laboratory frame the 'data were transformed 
into the c m frame using the most probable laboratory velocities 

RESULTS 

These results are most compactly presented as c m contour maps showing the 
variation in the product of the scattered"intensity and the square of the scattering 
angle '(x)x 2  as a function of the variable r (r = collision energy x scattering angle, 
E) and the post-collision velocity. '. . 

The contour map in fig:' 3 shwssucha plotfor K ± Ar and illustrates the energy 

>.. - 
U' 
0 

> 

2 
scattering angle Ideg 

Fia. 3.—K + Ar scattering at 108 eV c.m. collision energy. -The thick lines indicate energy losses 
of 0.0 and 1.6 eV (centre of mass -  frame). 
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resolution since in this E region the scattering is at least 98 % elastic. The island of 
intensity at slow exit velocities is due to the K 41  isotope present at 6 % abundance. 
The other contour maps in fig. 4-6 show similar plots for methyl and propyl iodide at 
various initial collision energies. In comparison with the K + Ar data:considerable - 
inelasticity, particularly at the wider angles, is immediately apparent and can be seen 
to onset at specific E. 
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FIG. 4.—K + CH3I scattering at 164 eV collision energy: The thick lines indkte energy losses of 
:0.0, 1.6.and 3.47 eV (centre of mass frame). 

Cuts through the surface show the intensity of scattered K atoms as a function of 
the energy lost by them in cóllision are perhaps more suggestive. A .  num6er of ex-J 
amples computed by averaging together several sets of independent observations in a 
narrow range of angle are shown in fig. 7 and 8. The solid curves on these figures-
show the results of a deconvolution procedure using the 00  profile as a reference 
profile. The peaks are sharpened by this' process butcanalreadybe distinguished in 
the unprocessed data; moreover, independent angular scans yield' pêaks:which move 
smoothly with angle as in.fig. 941. The enhanced scattenng profiles prepared in 
this way are combined to yield similarly.sharpened contour maps as shown in fig. 12 
andl3. • . . 

Time of flight data of this type are of limited value in molecular systems because 
it is not possible to .associate a given.yelocity change in the K atom with a specific 
exit.. channel, owing' tO the number of closely spaced . energy states. Thus, in the . 
K. + RI system 'the' K ionisationcontinuum starts at 4.34 eV and there is a near con- 
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tinuum of vibration–rotation states in each electronic level of RI. Table 1 summarises 
the relevant information for K and CH 3I (C3H7 1 is similar). 

In view of this continuum of vibronic levels, it is remarkable that discrete energy 
losses are observed at least up to 10 eV at the largest angles of scattering. 

>. 
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FIG. 5.—K + CH3I scattering at-81 eV collision. The thick lines indicate energy losses of 0.0, 1.6 

	

and 3.47 eV (centre of mass frame). 	- 

	

• 	DISCUSSION 

	

At scattering angles x 	5 °  the momentum transfer, perpendicular to the incident 
velocity is small (X = final transverse moientum/inçident forward ,iñomentum). 

The various small angle approximations are valid and the momentum changes in 
the forward direction cancel on the incoming and outgoing halves of the trajectory 
Under these conditions the maximum energy transferable to vibration/rotation of the 
molecular partner is 

— /_ MR  MI 	 2 i\E 	 . 
- \MR  + MI)M,J 'X 	 ( 

where X=-I or R, the end struck, and a" forceless" oscillator has beén.assumed.. 
The maximum energy thus transferred at the angles of observatiOn will be <0.5 eV, 
far smaller.than most of the observed energy loss channels. The, extensive vibronic 
energy transfer that is observed can only occur if the potential energy• surfaces are 
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profoundly modified in the course of the collision. The source. of this alteration is 
clearly the crossing onto the ionic state. 

The harpoon model, equivalent to adiabatic behaviour at the ionic/covalent 
crosing, is well established as the mechanism for chemical reaction in many alkali• 
metal systems at thermal enérgiés At the collision energies of the present experiments 
the reactive channel is essentillly closed because the fast KI ion cannot accelerate the 

• 'I _____ 

'.0 	. 	 . 	3 

scattering 'angle / deg 

FIG. 6.—K + C3H71 scattering at 166.eY..collision. The thick liies indicate energy losses of 0.0, 16 
and 3 47 eV (centre of mass frame) 

1 ion sufficiently rapidly to capture it before leaving the ionic surface. The residual 
electronic excitation is like the grin on the face of the Cheshire Cat, the aftermath of a - 
much more profound electronic rearrangement. . .. 

We develop a model to account for the broad features of the observed scattering in 
two stages. As a first approximation, the collision is assumed to be isotropic and 
sudden withrespect to the R-I motion, Le.,the R-I bond is clamped at its equilibrium 
value throughout the collision. • The behaviour of the various diabetic potential sur-
faces can then be displayed solely as a funCtion of the K-I coordinate, fig. 14(a). The 
vertical electron affinity of the alkyl iodides is sufficiently small (-0.9 eV) for the ionic 
state to intersect all the K*  channels (including the ionised continuum) and thus to 
provide a route for populating these states. Excited electroniC states of RI, except the 
A state lie above the dissociation limit of KR1 (5 eV) and must then be populated 
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by a different mechanism. We spcülate that an éxcited charge transfer state is 
involved but the mechanism will not be discussed here. 

The only important adjustable parameter in these potentials is the short range 
repulsion behaviour of the ionic state and the coupling matrix elements at the various 
crossings. Whatever the values of the parameters, some simple consequences arise 
because any exit channel can be reached via two paths, according to whether or not 
the electron is transferred on the first passage of the ionic/covalent crossing. 

"a) 

AIR] 

 
0 

- 	energy loss /eV 

FIG. 7.—Energy loss profiles observédat várioüs scattering angles for K ± CH 3I at 81 eV'collision-
energy. The dashed curves are observed values and the solid lines their deconvokition. (a) 61; (b) 

• 122 and (c) 203 eV°. 	•. 	 - 

The predictions of this mOdel (using the potentials shown, the LãOdau–Zener 
pproximation and the classical small.angle formulae to evali.ate the cross-sectiOns) 

are comparedwith experiment at 164 eV in fig. 15, the energy loss data being par- 
titiOned in accordWith the asymptotic energy losses assuming nly eleCti -oriic excitation. 

The model is partially successful, especially in predicting the narrow angle thresh- 
olds of K*  and  CH31*  (A) state onsets. If the route to these states involved a cross- 
ing on he respulsive wall of the potential, the angular threshold would appear at 
much larger angles and the interventionof a strongly attractive surface is unambiguous. 

The model is less satisfactory in predicting the change in angular onsets of the van- 
Otis chnnels with incident energy. These thresholds are seen to ocCur at lower E 
valUes in theo 81 eV data, whereas the basic model necessarily predicts constant E 
values (assuming straight line trajectories). More important differences are seen in 
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Fzo. 8.—Energy loss profiles observed at various scattering angles for K + CH 3I at- 164 eV collision 
energy. The dashed curves are observed values and the solid line their deconvolutjon. (a) 75, (p5) 

450 and (c) 900 W. 

the energy loss spectrum where the model only permits energy losses corresponding to 
the electronic states of the separated species. The observations (e.g., fig. 7 and 8) 
show a much larger number of discrete energy loss processes, some of them- (those 
<1.6 eV) not being assignable at all to electronic excitation. The most serious 
assumption of the basic model lies in the neglect of the internal motion of the target 
molecule. During the collision lifetime, typically lO - ' s,changes in the C-I bond 
distance can occur which greatly alter the vertical electron affinity and hence the posi-
tion of the ionic/covalent crossing. Such effects have been discussed by other workers 8  
in connection with chemical reaction and chemi-ionisation. The initial crossing at 
R 1  yields CH31 in a strongly repulsive state [fig. 14(b)], assuming a vertical transition. 
As the C-I bond stretches on the ionic surface, the ionic/covalent crossing moves to 
larger R values (fig. 16) and on the return of the electron a large amount of energy can 
be dumped in the Me-I vibration. The extent of such energy transfer clearly depends 
on the time spent on the ionic surface and ranges from zero if the motion at R 1  is 
cliabatic (electron not transferred) to actual dissociation of the Me-I bond if the 
Me1 surface is sufficiently repulsive. Since there are in general two classical paths 
leading to a particular angle of deflection (if-b < R 1), corresponding to diabatjc or 
idiabatic motion at R 1 , each electronic exit channel should be accompanied by two 
Jistinct peaks in the time of arrival spectrum. • - 

U, 
C 
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Our second model, then, is to permit relaxation of the C—I bond in the ionic state 
by introducing a term 

Vb0l (RR_I) = A exp [—cc(RR1 - R)] 	 (2) 

into the total potential energy. The I—K interaction remains coulombic and there is 
no K—R interaction. One result emerges immediately from this model. If the para-
meters in Vb0 (RRI) are taken to be those of the isolated ion, 9  far too much vibrational 
excitation is predicted even in the ground electronic exit state. In fact, we would have 
a runaway situation with extensive bond dissociation (and probably chemi-ionisation). 
In pactice (fig. 9-1 1)'the vibrational energy gain in both the ionic K and K*  channels 
is quite small ( 1 eV).and almost constant vithEX after the threshold. 

The CH31" ion is thus perturbed by the passing K ion and we can very crudely 
incorporate this effect in the model by making cc adjustable However, even this 
degree of freedom is not sufficient for'thedatà to be fitted; if the. vibrational energy 
gain in the K*  (ionic) channel is fitted, too little energy loss occurs in the ground state 
channel. In qualitative terii'is', the initial acceleration of the methyl group after 
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function of the reduced scattering angle 	CH3I + K 164 eV collision energy.  
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FIG. 13.—Contour plot showing CH3I ± K scattering as a function of energy loss.and scattering angle 
at a collision energy of 81 eV and after enhancement by deconvolution. Thick tines are drawn at 

energy losses ofOO 072 14 20 and 32 eV 

electron transfer seems to be rapid, -but the repulsion soon drops almost to zero The 
functional form of eqn (2) must be wrong and the dependence of V on RMC K should 
be introduced This could be interpreted as due to the repulsion of the departing Me 
group by the K ion, or the change in bond order of Me1 due to irtial-back transfer 
of the electron to K. .  

Nevertheless, relaxatiOn of the Me-I bond on the ionic surface is akey step in the 
collision process Besides leading to extensive vibrational excitation, the deflection of 
trajectories sampling the ionic surface will depend on the extent of R—I telaxation 
during the collision. - The angular thresholds for all electronic processes fed by the 
ionic surface will notthus scale with E, and will also depend upon the reduced mass 
of RI. These effects can be seenin fig. 17 where the energy losses calculated from this 

- - 	- 	TABLE 1.—EXCiTED STATES OF K AND CH 3I. 	' 

K energy/eV CH3I 	' energy/eV 

42S4 - 00 X('A 1) 00 
1.62 ..4* 	. 347* 	.- .. 	 -. 

•525 ' 	2.61 B,c(E)- 6.10,6.16' 
3 2D1,1 - 	.2.67 - 	D;- (E) . 	6.77 
5 2P4,1 3.06 E, 	- 7.30 

Rydberg states . F, G .9.4, 9.8 
- - 	 I.P. 4.34 '- 	 - 	Rydberg states 	-. 	 - - 

IP 954 

* Onset of continuous adsorption; peak at 4.5 eV. 
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FIG 14 —(a) Isotropic diabatic potential model for K + RI interaction (b) CH 3I and CH3I 
potentials. Dashed curveS show the perturbationüsed to obtain the approximate fit described. 
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FIG. 15.—Isotropic sudden thodel; comparison with observations for CH 3I + K at 164eV. 	- 

model are displayed against the corresponding scattering angle. In the EX region 
around 150 eV°, particularly at 81 eV collision energy a rainbow feature can be seen 
where two branches for the ionic ground state scatteringcoalesce. 

The invariance of vibrational excitation with angle of scattering is a remarkable 
feature of the p1otsand.again points, to a relatively small shift of the ionic/covalën 
seam with changing transit time over the surface. 

Finally, the differential cross sections for the channels identified are displayed, 
together with the model predictions in fig 18 and 19 The observed very narrow 
an'gle elastic scatteriñgis riorinalisedtô the model. ' -. 



bP1 	 R2  

RKI 

Fio. 16.—High energy trajectories on an ionic/covalent surface. Two trajectories are shown, corre- 
sponding to different initial kinetic energies (EA  <.EB). The crossing point on the outward path 
(R2) is very sensitive to E. In case A, R 2  is so large that dissociation or ionisation would result. The 

- 	. 	 K trajectory in real space is inset. 
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'FIG. .1 7—Comparison of observed (0) and bond stretching model predictions (M) for the energy loss 
as a function of reduced scattering angle. The subscript I indicates motion on the neUtral surface. 

- Model and experiment are in accord in predicting an increasing energy loss as the mass of R decreases 
and as the collision lifetime increases. Dashed curve, 81 eV Mel; solid curve, 164 eV Me!; dotted 

curve, 166 eV Pr!. 
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FIG. 18.—Differential cross-sections for K + CH 3I at 164 eV. (0, •) ground state N, I;.('., A) 
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FIG. 19.—As for fig. 18, but at 81 eV. 

CONCLUSIONS 

Our conclusions as to the processes involved may be summarised with reference 
to fig. 14(a) as follows: 

Each electronic exit channel is accompanied by two vibrational channels, 
one with small or zero internal energy change, the other with substantial vibrational 
excitation. These two channels correspond to, respectively, diabatic or adiabatic - 
(harpooning) behaviour at the first crossing R 1 . Both channels are important in the 
experimental energy range. 

The negative ion state involved is a repulsive state, but with rather different - 
characteristics from the isolated RI -  ion. In particular, the amount of bond stretch-
ing is less than expected (at least in the configuration probed in the bound state exit 
channels) and points to some containment of the alkyl group. 

The differential cross section summed over all discrete exit channels (ground 
plus excited states) is approximately constant over the x range from 0.5 to 5° (LAB). 
This strongly suggests that continuum processes (bond dissociation and ionisation), 
unless they onset at very small angles of deflection, play a negligible role at impact 
parameters 



	

56 	. 	 ATOM—MOLECULE COLLISIONS - 

The excitation of the A state of CH 3I is observed to have two energy loss con-
tributions and angular thresholds, but these have less intensity than in the K*  channel. 
An ionic surface again probably intervenes because of the small angular thresholds. 
But even without bond stretching, the ground stãté KCH 3I surface would lead to a 

crossing at 50 A on the outward branch, at which point the coupling matrix element 
between the two states would be essentially zero. Some electronic excitation of the 
negative ion may-be involved, i.e., harpooning to a different empty orbital. 

Discrete energy losses >5 eV are observed and these must correspond to 
electronic excitation of the alkyl iodide. Since these, energy levels are above the energy 
of the separated KR1:' ion pair, the ground state ionic surface cannot be involved 
in their coupling. 

J. L. Kinsey,. Molecular Beam Reactions (M.T.P. mt. Rev. Sci., Physical';  Chemistry, 1972) 
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Dr. M. A. D. Fluendy, Dr. K. P. Lawley. and Mr. D. Sutton (Et/in/'urgh) said: 
In the paper presented at this meeting Fluendy et al. 2  discussed energy losses in the 
0.5-5 eV region observed in KJCH 3 I collisions. The same data showed a number of 
inelastic processes with energy losses in the 5-12 eV region (fig. 3). 

The points to be noted about these results are as follows. (I) There is a relative 
sparsity of states compared ith optical spectra taken in this reeton. (2) The enertv 
losses are discrete and with the exception of process (7)2 const'nt .ith increan 
scattering angle. (3) The processes are obcr'J to onset at very iiJifl'.s scattering 
andes.' 

The combination of small scattering angk and large energy !O'.Cs is 	for 
the involvement of strong attractive potentials and suggests that the' . proeees 
proceed via transient excited ionic states. 

Fig. 4 shows a possible set of potential energy curves allowing aeces to hehiv 
excited molecular states and leading to only small angles of deflection. 

If the intermediate negative molecular ion potential is, different from the ground 
state potential, changes in the C1I 3 E geometry would b&expected to occur during the 
collision. Thus process (7) may be associated with harpooning into the a *(C_H) 

R. 	 jr.d R. Cross, J. P/n's. Cheni., 1969, 73, 743. 

NI. A. D. Hi:."d . K. P. E.alcv, J. McCall, C. Shokcn and I). S&ut,n, Farifav Disc. Chem. 
S.'.'. 1979,6741 
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I 

FIG. 3.—Ob.crvcd energy,  loss profiles K /CH 3 I at c.m. collision energy,  164 eV, E in e\': (a) 97, 
(b) 287, (c) 656 and (d) 861. 

orbital (fig. 5) followed by recapture from the iodine lone pairs. This transient icnic 

potential would be repulsive in the C—H coordinate. The time spent in this repulsive 

state varies with the impac.t parameter and scattering angle so that, in view of the light 
mass of the H atom, quite rapid variation in geometry and energy deposition can be 
expected, in accord with these observations. 

In general electronic excitation will take place if donation into a high lying, nor-
mally vacant orbital is followed by recapture from a loer. normally tilled orbital. 

15 

cc 
CH1 (7s)/K 

CH,l (6s),'K 

CH,i/ K 
CH 3 I/K 

M 

0 	
R/ 	

10 	ircident stole 

FIG. 4.—ijiahatic potentials illustrating incident channel and the electron capture and recapture 
- 	 processes at R 1  and R leading to excited states. 
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Fij. 5.--Schematic orbita' energy diagram for CH 3 I. 

Possible energy losses arising from such a mechanism have been calculated, allowing 
us to make tentative assignments to the processes observed. 
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Dr. M. A. D. Fluendy and Mr. D. Sutton (Ediithurgh) said: The results presented by 

Setser et al. in which they observed substantial production of electronically excited 

bromine molecules in collisions with rare gas metastables provide yet another contrast 

to the behaviour of the analogous alkali metal/halogen molecule systems. Prelimin-

ary measurements of the excitation produced in K/Br 2  collisions using the time of 

flight crossed beam technique described earlier in this Discussion' are shown in fig. 1. 

0 	 10 

tE/eV 

FIG. 1.-.-- K/B; Energy Ios profIe at a coIIison energy of 14 eV (eentre of mass). 

The results are the average of 27 separate observations at angles between 0.45 and 

1 . 78c .  The main peak at LE 	0 is broadened. presumably by vibrational excitation 

of the Br 2  but possible electronic transitions with AE > 1.4 eV account for <2 

of the chserved scattering. The second main feature is due to the K 4 ' isotope which 

occurs with 6 	abundance and provides a useful magnitude comparison. In theseC. 

M. A. D. Fluendy, K. P. Lawley, J. McCall. C. Shaken and D. Sutton, Faraday Di.sc. Chew. 

Sac., 1979, 67, 41. 
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alkali metal/halogen systems, interactions between the ion pair potential surface and 
the surface leading asymptotically to the excited halogen molecule occur at extremdy 

large distances and cannot therefore be an important route to these excited states. 

In contrast, as suggested, in the rare gas metastable analogue systems the same V(RG , 

Brfl/V(RG, Br) interaction lies inside the initial electron transfer radius [V(RG*, 

Br,)! V(RG , Br)]. 



Dr. M. A. D. Fluendy, Dr. K. P. Lales and islr. G. W. Black (Edinburgh) said: 

We have carried out Monte Carlo trajectory surface hopping calculations on the 

potassium—methyl-iodide system incorporating ur1aces corresponding asymptotically 

to excited potassium atom and methyl iodide molecular states. The potential sur -

faces used were based upon those developed by Blais and Bunker' which correctly 

describe the individual pair interactions and incorporate a switching function im-

portant in the. close encounter region. The ionic Cl-1 3 1 potential used was that 

described by \Ventorth era l . ! 
Though satl4actory in describing nost features of reactive scattering at thermal 

energies, this potential system as i.tsatisfacory at high velocities. Only limited 

access to the ionic surface crossing could be achieved and of those trajectories which 

crossed to the ionic surface on entrance the majority lead to dissociation rather than 

to electronic excitation, in contrast to the experimental results. 3  

The difficulty in accessing the ionic surface on entrance arises from the por.i :.iUflI--

methyl repulsion, which becomes a dominant feature in the suaden collision, since 

there is little opportunity for moement within themethyl iodide before harporiing. 

D. L. Bunker and N. C. Blais, J. Chui. P/iys., 1964, 41, 2377. 

W. E. Wcntworth, R. George and Ft. Teeth, J. Chew. P/i vs., 1969. 51, 1791. 

M. A. D. Fluendy, K. P. Lawley, J. Me( ill. C. Shtteen and 1).Suttün, Faraf,,i Die. Ch,,; 5" ,  

1979, 67. 41. 
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With these st,rla:es icactior occurs rio a conceited pi e-strc!chini. in ih p.1 

bc'nd as the poia'si urn aI.rn approaches .At high velocit this prcc 

able and lhc si/c ofthe aCCLS v;idow to the i"tic surfacc is c rrcpc'dug' lijtcd. 

After harpooning. these surfaces prettici rapid suetching in the Cl coot dina1 and 

the exit crossing seams to the e.cited potaitm a;:'J eciied methyl iudidciaic move 

to 	ide irtc'r tiudear distances. 	The crc".-i 	pr'hibilitv Ia then .,a;ifl a rd little 

electronic ccita1i0n can he produced. Coiiipnron of these lrajecior  

e>periment thus suggests that the isolated pair-wise iwicractions Ji)Lii he  

modified in the interaction rcL'ion. 
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ELECTRONIC EXCITATION IN POTASSIUM ALKYL IODIDE COLLISIONS - 
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Department of Chemistry, Univethty of Edinburgh, Edinburgh EH9 3JJ, UK 

Received 23 April 1979; in final form 7 June 1979 

The production of highly excited states of the alkyl iodides by collision with fast potassium atoms has been studied by 
a time of flight molecular beam technique. A simple electron capture and recapture mechanism is advanced to account for 

the observations. 

The manifold of electronically excitedstates avail-
able in the alkyl iodides falls into three classes corre 
sponding to valence transitions in the C—I band of 

-+ j* type, Rydberg transitions to high ni stales sim-
ilar to those of the iodine atom and valence a - 
transitions in the C—H bond. Transitions correspond-
ing to all these three classes are observed in the optical 
spectrum though the C—H transitions are seen only as 
a continuumbackground to the other processes [1-3] 
Photodissociation of the alkyl iodides with radiation 
in the 3.5-5.5 eV region occurs via the continuum A 
state (n -a*)  and produces both groUnd, 13/2' and ex-

cited, 11/2 atoms [4] while the same a 1' orbital occu-
pied in the molecular negative ion is responsible for 
the substantial translational excitation seen in the reac-
tion [5] 

K+RI-KI+R, 	 (1) 

which are classic examples of electron harpooning. 
In this work inelastic differential scatiering cross 

sections have been measured for this system in the 
high energy (50-200 eV) small angle (0-5 0 ) region in 
which the collision trajectory is approximately recti 
linear and explores the potential surfaces inside the 
harpooning radius. The reaction channel itself is closed 
in this regime due to monientum constraints on the I 

Present address: Departamento de Quimica Fisica, Facultad 
de Ciencas, University de Bilbao, Bilbao, Spain. 
Present address: Argonne National Laboratory, Argonne, 

Illinois, USA. 
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capture so that the electronic transitions can be stud- - 
iedin isolation from the capture dynamics. 

The measurements described were made by a time 
of flight method in which the potassium atom beam 
was pulse modulated and the energy loss in the colli-
sion inferred from the change in the measured flight 
time. In this way a contour map was built up shçwing 
the scattered K atom flux versus scattering angle and 
energy loss at various initial collision energies [6,71. 

Very considerable inelasticity is observed in these 
measurements with energy losses ranging from 0.5 to - 

12 eV. The lower energy processes; <5 eV which 
include the electronically elastic, K(4p) and CH 3 I (A) 

state as exit channels have been discussed elsewhere 
[8] and shown to involve an ionic intermediate repul-
sive in the C—I bond. This paper discusses the higher 
energy loss processes corresponding to Rydberg and 
C—H transitions, which are also seen, though with 
smaller cross sections. 	 - 

Typical energy loss profiles are shown in fig. I for 
several reduced scattering angles (Er, eV° ). The opti-
cal spectrum in the same energy region shows a very 
large number of discrete features associated with tran-
sitions from n(I) to various Rydbergstates (n, 0 
having n > 5, 1 = s, d, p and core terms of E112  and E312 . 
Continuum absorption from C—H transitions is seen 
as a background to these discrete features. In compari-
son, the relative sparsity of the collision.induced tran-
sitions is immediately apparent and at each angle of 
scattering or impact parameter only discrete energy 
losses are seen. The observed features occur systemati- 
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1,2 	7 	4 	5 	6 

Fig. 1. Observed energy loss profiles K/CH3I at centre of mass 
collision energy of 164 eV, EX in W. Peak numbers refer to 
table 1. 

cally as the scattering angle is varied, though the inten-
sity varies considerably; their behaviour is summarised 
in table 1. The observed energy losses are independent 
of reduced scattering angle with one exception, proëess 
7 for which the energy los observed increases approx-
imately linearly with E. The angular dependence of 
the differential cross sections is illustrated in fig. 2 
where the results have bean approximately scaled by 
normalising the very small angle elastic scattering 
(arising from outside the harpooning radius) to model 
potentials for this region-developed in molecular dy 
namic studies [12]. 

The energy loss processes reported are seen in fig. 2 
to onset at small EX values, This combination of a sUb- - 
stantial energy exchange coupled with a small reduced 
deflection is good evidence for the involvement of 
strong attractive potentials during the collision and 
suggests that processes of interest may also occur via 
a transient negative ion. 

Table 1 
Observed energy losses 

Process 	Observed energy loss (eV) 
number 

Mel 	 PrI 

c.m. collision 	c.m. collision 	c.m. collision 
energy = 81 eV 	energy = 164 eV 	energy 166 eV 

Proposed assignment - 
(see table 2) 

effective 
transition 

predicted 
energy 
loss (eV) 

1 	 5.2 
2 	 53 

5.5 6 

- 

n(I) 
- 

°* 
(C—I) 

3 	 6.4 6.4 6.6 n(l) -* 6s Rydberg 

4 	 8 8.4 8.5 n(I) - 7s Rydberg 

5 	
higher energy 
loss process 

10.4 10.8 °p(C—H) -. 6s Rydberg 

obscured by 
6 	 41 K isotope 

12.4 13.2 °p(C—H) 	is Rydberg 

7 - 	 6-7.2 in Ey - 	 6.4-9.0 in Ex 11-12.8 in Ex 
range range range n(I)°(CH) 
40-220 eV °  60-900 eV°  160-550 eV°  

3.5 a) 
5.5 

6.5 

8.2 

11.0 

12.9 

internal 
energy 
internal 
energy b) 

This transition is to the dissociative A state of CH 3 I. 	 - 
The equivalent (C—H)  orbital in propyl iodide cannot be identified unambiguously but is likely to be considerably higher 	- 
in energy. 

- 27 
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I 	 • 	1000 	I 1000 	 1000 	
E/eV° 

Fig. 2. Differential scattering cross sections for K/CH 3 I at 164 eV (c.m.). The processes are identified in table 1. 

A schematic enery diagram showing the location 
of the lower orbitals in CH 3 I is drawn in fig. 3. The 10 l.P 

Idwest unoccupied orbitals include the aC_l)  (the . 	1.P 

electron receptor, orbital of importance in the reactive - 8 5d 

andsmaller energy loss processes) and the O'C_H), 6 	1 which a're both antibonding in the C—I and C—H re- - 
6 

spectively, together with.the Rydberg levels 6sa, 7sa 
and 5da 1  + 2e. These are all possible receptor levels ° (C-i) 	4c 

1 higher Rydberg states though available in principle ) 

will have corsiderably smaller coupling matrix elements 
due tohe large size of ihese.orbitals and are thus un- 2 

likely to be important. 
Since these measurements are confined to the neu- 0 n (I) 	2e 

tral exit channel, electron capture must be followed  
by the recapture of an electron by the K 4  ion on exit -2 

- 	from thecollision. Electronic excitation will now take ° 	I) 	3a 1  

place if an electron is recaptured from a lower, normal- 
ly filled orbitalleaving the receptor orbital occupied 

• 

°(C-H) 	le 

and , inwer Ivino v-ni--v Pnzih1e PneroV 1nce .oJ.-.---.. 	 -6 	
- 	 - arising from this rnechanism.are shown in table 2; the 

eV spin orbit splitting is comparable tothe energy resolu- 
• 	tion of the measurements at the 164 eV collision ener- 	Fig. 3. Schematic orbital energy diagram for CH 3 I. The orbit- 

gy while the 7s and 5d Rydberg states are also too close 	n(I), o(C_I) and °(C—H)  are located from photoelectron 
spectra [9,101. The c— and Rydberg levels form optical 

to be resolved and the energies of these states are aver- 	spectra [1-31. The cTCH) is derived with rather less cer- 
aged together in table 2. Comparison with the observa. 	tainty from the optical spectra of the alkanes [11]. 

28 	 - 
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TabIe2 	 . 	-. 

Transitions and energy losses expected from electron harpooning and subsequent recapture in C113I 

0 
0 
0. 

Incident process 	 Energy losses in eV 

west' 
unoccupied  
orbital Orbital into which electron is captured 

(C_I) 6sRydberg a(C_H) 
} 	

Rydberg 
occupied 
orbital 7sa 1  5da2 +2e 

n(I) 3.5-5.5 6.18 and 6.77 6.0 	', 7.84 	8.30 
2e 6.5 8.03 	8.65 

82 

O(C_I) '7 8.6 and 9.2 8.4 
3a1 8.9 

p(C...H) ' 	 9.2 10.9 and 11.1 10.7 12.5 	13.0 
le 11.0 12.7 -  13.4 

12.9 

tions in table 1 is immediately suggestive and lead's to 
the tentative assignment shown in table 1. The model 
thus suggests that electron capture into the lower ernp-
ty Rydberg or valence levels is possible. The relative 
probability, being at least partly determined by the 
orientation of the CH 3 1 during the collision. Thus 
process 7, n(1) 

- 0(C—H)' involving capture into the 

o(CH) followed by recapture of an electron from the 
iodine lone pairs would presumably be favourable for 
trajectories in which the K moves first past the CH 3  
and then the I groups. Similarly processes 5 and 6, 

0(C—H) - 6s and 7s, would involve 'trajectories moving 
in the reverse direction while the other transitions oc-
cur at the iodine atom only. It is notable that with 
this model process 7 which was unique in showing an 
energy loss increasing with EX,  is' seen to arise from an 
intermediate ion state which is antibonding and repul-
sive in the C—H coordinate. Since EX is inversely re-
lated to the impact parameter, itself inversely related 
to the time between the capture and recapture epi-
sodes on the trajectory, the time spent in this repul-
sive state increases with E. The increasing energy loss 
can now arise as a result of the substantial changes in 
geometry which occur during the collision. 

Similar effects as a result of populating the 
orbital can be distinguished in the lower energy losses 
but because of the much greater mass of the ejected 

group (CH 3  as compared to H in the case of the 

0(CH) orbital) the effect is much smaller and caiinot 
be distinguished in the Exrange discussed herd. The 
dynamics leading to this dissociative state are further 
complicated since it may be accessed on either the in-
ward or'outward branches of the trajectory [81'. lt.is' 
possible that the two channels observed at 8i eV,' 
where the resolution is'better ( 0.25 eV), correspond 
to dissociative states leading to either the 11/2  or  13/2' ' 
states of iodine with considerable translational energy; 
the spin orbit splitting is not resolved experimentally 
at the higher collision energies. 	 -' 

The C—I force constant is essentially unchanged by 
population of Rydberg states so that transitions to 
these states would be expected at a fixed energy in 
accordance with these observations. Finally it is worth 
noting that all the capture transitions can be assigned 
to s or uorbitals (though the 5d and 6p E 112  levels at 
8.30 and 7.99 eV could not be:distinguished from the 
7s levels) suggesting that electron orbital angular mo-
mentum is conserved in these collisions. 

Considerable mixing of the various orbitals will 
take place under the 'time dependent'perturbation of 
the K ion and the precise description of the orbital 
from which recapture finally occurs is unclear. A sim-
plified diabatic potential scheme illustrating a possible 
mechanism is shown'in fig. 4 where the doubly starred 
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Inelastic differential scattering crois sections for the system K/N 2  have been measured in the small-angle regime for Ex 
in the range 80-600 eV deg. A cross beam time-of-flight technique was used to measure energy transfer effects occurring in 
the collision. The dominant inelastic process in the region explored was production of the K(4 2 P) state together with simul-. 
taneous vibratioiial excitation of the N2 molecule. The observations are in excellent agreement with published potential and 
a simple classical model involving an intermediate with considerable negative-ion character.  

2. Experimental 

2.1. Apparatus  

A schematic of the apparatus is shown in fig. 1. TFe 
beam of fast alkali atoms is produced initially as ions 
by surface ionisation on a porous tungsten disc heated 
radiatively to 1500 K. The ions are accelerated tôthe. 
required collision energy and elect rostatically focued. 
The beam is then pulse-modulated, using a velocity 
compression technique [71, so that the time-of-flight 
analysis of the scattered atoms may be caried out. 
After hiodulation, the ion beam is neutralised by 
charge exchange in a vapour cell, and any residual ions' 
are deflected away. 	 •0 

The fast neutral beam enters the collision zone 
where it intercepts the orthogonally introduced slow 
target beam, formed by effusion through a capillary 
array, and modulated at 47 Hz. The scattered potas-
sium atoms are ionised on a cool tungsten wire at the  
detector, and arrivals are counted via a scintillator and 
a photomultiplier. The detector can be varied in angle 
with a precision of ±0.002 deg. The arrivals at thede-
tector stop a 50 MHz crystal clock running in synchro-
nism with the pulse modulat ion, and so their flight 
time is recorded. The data collection and experimental 
operation are controlled by an on-line computer [8], 
which also monitors important experimental condi-
tions, such as beam fluxes, throughout therun. Due to 

1. Introduction 

The quenching of alkali atoms as a result of colli-
sions with diatomic molecules has been of interest for 
a considerable time [1] ; the system Na/N 2  has been of 
particular interest both experimentally [2] and theo-
retically [3,4]. The inverse process, atomic excitation 
as a result of energetic-collisions with diatomic mole-
cules, has also been studied[5] . More recently the sys-
tem of interest here, K/N 2 , has been studied by a novel 
coincidence technique [6] in which the differential 
cross section for the process K(4 2 S) + N 2  -+ K(4 2 P) + N2  
was determined, the final state of the molecule not 
being measured in this experiment. All this work is 
consistent with an early suggestion that an ion-pair 
(K/N) state is an important intermediate. 

In the present experiments the time.of-flight tech-
nique provides additional information on the excita-
tion of other states, vibrational excitation of N 2  and 
elastic scattering. The combination of this data with 
Kempter's observations is consistent with significant 
ionic character in the description of the collision sys-
tem both in the angular distributions and n6w in the 
vibrational excitation of the N 2 . 
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the very low count rates associated with experiments 
of this type, Iessthan 0.01 S-1  at wide angles, an ex-
periment takes about five days. In these experiments 
the resolution in E, the reduced scattering angle, was 

35 eV deg and the energy loss could be determined 
to ±0.15 eV. 

2.2: Results 

The results were collected over two separate experi-
mental runs, and are presented after transformation to 
the c.m. reference frame. A c.m. contour map showing 
the variation in the product of the scattered intensity 
and the square of the scattering angle, I()2,  as a 
function of scatteringangle and post -collision velocity, 
is presented in fig. 2. 

Such contour plots are highly information-intensive 
but the grosser features are more easily displayed in a 
time-of-flight profile. Fig. 3 shows such a profile 
averaged over all the angles of observation. It is imme-
diately apparent that the elastic channel dominates 
the collision while an inelastic process with a most 
probable energy loss of 2.8 eV arises in 1 6% of colli-
sions. A number of very much smaller processes are 
seen at greater energy losses. The 41 K isotope with 6% 
abundance provides a useful marker. 

Measurements of this type do not unambiguously 
identify the exit channel; however, the lowest excite'd 
state of N2 , A 3,  is 6.2 eVabove the'incidentchan-. 
nel, while fluorescence measurements [10] on this sys 
tern revealed predominantly K(4 2 P) excitation, the 
K(5 2 P) and (6 2 S), states being populated to 2% and 
0.6% in comparison. The inelastic channel observed in 
this experiment onsetting at 1.6 eV and having a maxi-
mum at 2.8 eV is therefore assigned to K(4 2 P) excita- 
tion with, by elimination, concurrent vibrational exci- 

/ 
tation of the N 2 . A very weak inelastic peak with an 
energy loss of 4.7 eV and 10% of the intensity of the 
K(4 2 P) scattering can also be seen. This may be' asso-
ciated with similar excitation of the K atom to K(5 2 S) 
or (5 2 P) states and again concurrent vibrational exci-
tation of the N 2 , but will not be further discussed here. 
The proposed assignment is supported by the success 
of the model based upon this interpretation of the en-
ergy loss data. 	 , 

Previous time-of-flight measurements by Gersing 
et al. [11] on this system show similar loss profilesto 
those observed in this work but were interpreted solely 
as K excitation and led to the conclusion that produc-
tion of K (5s) and (3d) states was the main-inelastic 
channel - an unsafe conclusion in view of the fluores-
cence experiments [10] . 	 - 
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Fig. 2. Polar.contour plot showing I()y2  as a function of cm. scattering angle, x and energy loss. The K/N 2  collision energy was 
'85.5 eV (c.m.). Contours are drawil at 5, 10 and 15%. The angles at which observations were taken are indicated together with an 
energy-loss graticule. Two distinct peaks can be seen; the lowest shows an energy loss < 0.6eV, the higher (a rather weaker one) a 
Io'ss 2.8 eV. The.feature at the top of the figure arises from the 41 K isotope. ., 

0 	 250 	 500 

• 	
)V\L - . 
	. _J'j 	 REDUCED SCATTERING ANGLR/'eV°  

ENERGY Lc.s/ev. 	 • Fig.4. Most-probable energy loss associated with K(4 2 S) and 
• - 	. 	 . 	 . 	 K(4 2 P) scattering. Experimental observations are shown as 
Fig.' 3. Energy-loss profile averaged over all angles of observa- 	bars, two standard deviations long. Continuous curve is model 
tion (0.9-7.5 c.m.).-Collision energy 85.5 eV. - 	- 	- prediction. Collision energy 85.5 eV. 
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Fig. 5. Differential scattering cross sections, I() 2 , in arbitrary 
units for K(4 2 S) and K(4 2 P)scattering. Model predictions using 
the Kempter potentials are dashed, approximately adjusted po-
tentials solid line. Collision energy 85.5 eV. 

In the coincidence experiments of Kempter et al. 
[6], only K(4 2 P) excitation was reported. However 
the flight-time resolution of their experiment, as esti-
mated from the reported apparatus dimensions, was 
insuffIéient to distinguish the additional energy loss 
associated with N 2  vibrational excitation and the two 
experiments are thus not in contention. 

The differential cross sectiOns for the electronically 
elastic and inelastic channels, calculated by summing 
appropriate regions of the individual energy loss pro-
files are plotted in fig. 5. They are similar to those 
reported by Kempter et al. In fig. 4, the most probable 
loss for these two channels is plotted against scattering 
angle.: 

3. Discussion 

The measurements reported are confined to the nar-
row angle region in which the trajectories are approxi-
mately rectilinear and of constant velocity so that the 
deflection angle, collision lifetime and impact param-
eter can be simply related by small-angle formulae [12] 
The collision lifetime is dependent upon the. impact 
parameter but is of the order 10-14 sand so is com-
parable to the vibrational period of N 2  and N. 

5 	-- 

Fig. 6. (a) Potentials [101 for N 2  and N; vertical electron tran-
sitions are shown arrowed. (b) Diabatic potentialsfor K/N 2 . - 
The potentials adjusted to accord with the results are shown in 
solid line, the Kempter potentials are dashed. 

The potentials relevant to this system are displayed 
in fig. 6,6a illustrating the potentials for N 2  and N 
derived by Gilmore [13] , while 6b shows a very simpli- .  
fled set of diabatic potentials for the, K—N 2  interaction.. 
It can be seen that both the ground and excited K atom 
scattering can arise by two routes according to'whether 
the crossing to the surface with ionic character occurs 
on the ingoing or outgoing phases of the collision. The 
electron transfer corresponding, in this simple picture, 
to the formation of the negative ion and the subse- 	- 
quent recapture of an electron to reform neutral potas-
sium in either a ground or excited state are illustrated 
in fig. 6a. The transitions are assumed vertical in posi-
tion and to conserve Inomentum Since the potential 
curves for N 2  and N are mutually displaced, the peri-
od spent as a negative ion results in vibrational excitá-
tion of the N 2  molecule on exit from the collision. 

A simple classical model based on this picture using 
the Landau—Zener approximation to compute the 
crossing probability and assuming independent motion 
in the N—N and (N 2 )—K dimensions was developed. 
(The model is very similar to that successfully used to 
describe similar processes in systems of the type K/RI 
[14].) In this model the only, interaction permitted - 
between these separate motions was via vertical elec- 
tron transitions.and changes in R c  occurring as a result 	- 
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of the variation in electron affinity as the N—N bond 
stretched. The model calculations were performed in a 
simple iterative fashion; the initial estimates of cross 
section, scattering angle and lifetime on the ionic sur -
face (and hence 'N 2  vibrational excitation) were com-
puted using the small-angle formulae based on the v 
= 0 N 2  electron affinity. Numerical computation of 
the N mption during the collision lifetime produced 
a 'revised vertical electron affinity and R e  that were 
usedto update the small-angle. scattering calculation. 
Iteration' of this process yielded very rajid conver-
gence. 

The potentials used in this model for N 2  and N 
were ofMorse form fitted to the well-established 
Gilmore potentials [131 in their bowl region of impor-
tance in the calculation: 

VN 2  =D1  {l exp[-131R — R01)] } 2  —D 1 , 	(1) 

where 	 - 

9.8 eV, 0, = 2.5, R 01  = 1.10 A; 

.,VN=D 2 {1 —exp[-132(R — R02')]} 2  —D 2  0.3,(2) 

where 	 S  

D2  = 8.5 eV, 132 = 2.2, R 02  = 1.185 A 

corresponding to a vertical electron affinity of 1.9 eV 
at the N 2  equilibrium distance. 

The K/N 2  potentials were initially chosen to be iden-
• tical to those used by. Kempter et al. to fit the K(4 2 P) 

scattering. These were later modified to provide better 
• agreement particularly with the angular distribution of 
K(4 2 S) scattering observed here, and the forms finally 
chosen ae 

(3) 

where 

•s=6.4 (R>R), 
=9.0 (R <Re ), 

r 0.05 eV, - a = 4.03 A, 

VKfN = 11K/N2 - 62.2/R 4  

- 14.394/R + 6.25 eV (R >R), 

=VK/N 2  (R<R). 

The crossing probability was of the usual Landau- 

Zener form with V 12  0.7 eV. 
The vibrational excitation predicted by this model 

is largely determined by, and is rather sensitive to, the 
difference in the N 2  and N potentials, while the angu-
lar dependence is similarly primarily a function of the 
K/N 2  potential. This separation results from the 
bounded motion ofthe N ion and the limited changes 
in R e  which occur as the N vibrates. 

The predictions for energy loss are shown in fig. 4. 
The agreement in the K(4 2 P) channel is particularly 
satisfying and is certainly well within the available 
precision of theN potential. The observed energy 
loss for K(4 2 S) scattering is in less satisfactory agree-
ment - possibly as a result of changes in V 12  with the 
N—N distance which are not included in the present 
model. Increasingly diabatic behaviour can be ex-
pected asRN 2 'inceases, diminishing the contribution 
of the ionic surface, with its attendant vibrational exci-
tation, to scattering in the K(4 2 S) state, and so de-
creasing the average energy loss actually observed. In-
corporation of such a V 12  4ependence in the model 
would improve agreement with the observations but 
observations over a wider collision energy. range would 
be required to establish its validity. 

Interestingly, the model predicts that the vibration-
al excitation oscillates with scattering angle (i.e: colli-
sion lifetime) as the N ion itself oscillates. A sirñilar 
mechanism has been advanced to account for maxima 
inthe total ionization cross section observed in Cs/0 2  
collisions [15] . In the present experiments, since the 
early and late crossing contributions to the scattering 
are in an approximately random phase relation, this 
oscillation would be difficult to resolve. Experiments 
at lower collision velocities, where the energy loss resol-
utioñ is substantially improved and, probably adequate 
to resolve the predicted separate early and late crossing 
contributions, will be particularly interesting in testing 
the detailed success of this primitive classical model. 

Finally, in distinction to systems of the K/RI type 
where the RI negative ion wa3 found to be substantial-
lyperturbed by the K ion, the'N pair potential 
(within the limited precision with which it is known) 
accounts for the present results rather well. 

The differential cross sections computed from the 
model are compared with experiment in fig. 5. The 
agreement is satisfactory considering the simple analy-
tic forms used to represent the K/N 2  potentials. The 
maxima and minima calculated in the.K(4' 2 S) channel, 
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- 

electron harpoon 

by MALCOLM A. D. FLUENDY, KENNETH P. LAWLEY, 
CHARLOTTE SHOLEENt and DAVID SUTTONI 

- 	Department of Chemistry, University of Edinburgh, 
- West Mains Road,Edinburgh EH9 3JJ, Scotland 

(Received 10 July 1980 ; accepted. 24 July 1980) 

Inelastic differential -scattering cross sections for collisions between 
potassium atoms and CH 3 I, C311 7 1,CH 3CI 1  CF3 I and HI are reported for the 
reduéed scattering angle range from 20-1000 eV O  The measurements were 
made in the quasi-rectilinear trajectory regime using.a velocity change method. 
Electronic excitation of the K atom accompanied by substantial vibronic 
excitation of the target molecule extending to the lower Rydberg states is 
seen in all the systems studied. The results are in accord with an electron 
harpoon model involving successive donation and recapture of an electron by 
the potassium atom. In the case of collisions leading to the ground electronic 
state of the molecule a doorway state similar, but not identical,to the molecular. 
negative ion is involved and a model incorporating the effects of bond 
stretching—analogous to that advanced to interpret collision induced ioniza-
tion in alkali metal + halogen molecule collisions—is in excellent agreement with 
the observations. Excited electronic states of the moleculir target are 
believed to be populated by a similar mechanism involving excited ionic door-
way states including one leading to C–H dissociation. 

1. INTRODUCTION 

The alkali metal—alkyl halide family of reactions has played a keyrole in the 
development of chemical reaction dynamics [1-3] and a-very considerable body of 
data concerning the reaction channel is available, presenting a significaht challenge 
to theory [4-6]. The basic understanding of the reaction process as an example 
of electron harpooning is secure but the relatively short 'range encounters, 
required-for harpooning.in these systems destroys the simplicity of near spectator 
stripping dynamics found in the otherwise analogous alkali, metal—halogen 
molecule reactions. The description of the reactive process is thus particularly 
dependent' upon the- potential surfaces ,  and non-adiabatic effects at short ranges, 
where information on these properties is scant. Progress in understanding the 
more intimate details of this reaction will thus require a direct study of the harpoon - 
mechanism.  

Information relevant to the harpoon itself can be obtained by studying a 
wide range of possible exit channels from these collisions : the differential cross 

- sections for elastic scattering [7] ion production [8] and electronic excitation [9] 

f Now at: Argonne National Laboratory, Argonne, Illinois, U.S.A. 
1: Now at: IC! Corporate Laboratory, Runcorn, Cheshire, England. 
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being especially interesting. Total cross sections for ion production in alkali 
metal–methyl halide systems over a range of collision energies have been reported 

• 

	

	by Los and other -workers [10-12]. Much more detailed results are however, 
available from their studies of-ion production in- alkali metal–halogen mqlecule - 

• systems which have much larger cross sections for ionization than those studied-
here.. This.elegant work has recently been reviewed [13] ; the effects of bond 
stretching in the target molecule revealed in these measurements will be ielevant 

- tothe discussion later in this paper.  
The - electronic excitation channel was originally studied in alkali metal 

collisions with a range of halogen containing molecules by Polanyi using the 
famous diffusion flame technique [14]. Interestingly,- these experiments at 

-. thermal energies showed no emission from sodium in the systems Na+CH 3 I 
- CH3C1. More recent work exploiting modern techniques and covering a wide - 

energy range has recently been - reviewed: [15,- 16] but alkali metal–alkyl halide 
systems have not yet apparently been studied by these techniques 

Alkyl halide molecules have a small electron affinity so that the harpooning 
radius is small and the ion exit channel can only be reached after avoiding cros-
sings at short range with excited state potential surfaces The ion production 
cross section (in distinction to the analogous halogen molecule systems) are-thus 
likely to be smaller and perhaps less informative than measurements of the neutral 
excited state differential cross sections In exploring non-adiabatic effects via 
the neutral channels, measurements over a considerable velocity range are 
especially, valuable since the state coupling probabilities are velocity depends t 
while the collision lifetime may similarly be varied with respect to the vibrational 
periods in the target molecule so that the effects of internal molecular motion 
on the harpoon can be studied To sample the relevant regions of the potential 
surface it is also necessary to make these observations in appropriate ranges of the 
reduced scattering angle, EX These various requirements can be met most 
satisfactorily by operating in the high velocity—small scattering angle regime in 
which the trajectories become almost linear and of approximately constant 
velocity. In the work described here measurements of this type using a time of 
flight technique to distinguish the various excited exit states have been made 
The present paper extends the results and the discussion presented previously 
in-a prélirninaryfashioñ [17, 18]. • - - 	 . - 	 - - 

	 . • 	 - - 	 0 	 - 

2 EXPERIMENTAL 

The apparatus has been described previously [17] The fast alkali beam 
was produced by charge exchange and pulse modulated for time of flight 
purposes-using a velocity -  compression -  technique [19].- The molecular target - 
beam was formed by effusive flow from a capillary array and modulated at 47 Hz. 
The scattered alkali atoms were detected by surface ionization using a cool W 
ribbon and detected via a scintillator and photomultiplier Each atom arrival 
was arranged to stopa 50 MHz clock so that the flight time couldbe recorded. 
Data was collected and the angular position- of the detector etc.- controlled bran 
on-line computer [20]. The angular resolution of the apparatus in this work was 

• 02° and the resolution in energy loss (at the highest collision energy used) 

	

02 eV. The effective resolution in EX, 8(EX)1EX 008. 	-- 	- 
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The signals recorded in the weakest' inelastic channels, were very small 
001 c s') and' counting times of 12 hwere required at the largest scattering 

angles. The major experimental difficulty in this work arose from fluctuations 
in -the primary beam energy probably associated with the contact potential or 
space charge effects reported by other workers [21]. These effects were partially 
controlled by measuring the 00  flight time at regular intervals'and appropriately - 
normalizing the time dependencies observed after scattering. 

3.- RESULTS 

Inelastic scattering measurements have been made in the small deflection 
angle region for potassium atoms colliding with a range of. target 'moleules. 
Energy transfer from translational to internal modes of the collision species - 
extending up to 12 eV with significant probability was observed. The molecular - 
targets studied were CH 3 I, C3 H 7 1, CH 3C1, CF3 I and HI, these molecules being 
chosen so as to explore a range of 'reduced masses in R—X but to retain similar 
electronic structures and intramolecular potentials. 

A contour map showing the scattered intensity of K atoms, 1(X) multiplied 
by the square of the centre of mass scattering angle, X, as a function of the scatter-
ing angle 'and the post 'collision relative velocity for thesystem K+'CH 3 I is - 
shown in figure 1. -This map is typical of those observed in this work, con-
siderable inelasticity is visible'(up to 12 eV:in this case) and a number of rather 
sharp onsets for specific energy loss channe!s can .be distinguished. Closer 
examination of the surface displayed in 'figure 1 reveals' considerable structure 
which is most easily displayed by cuts through the surface at constant scattering 

- 	-. 	- 	 10 	- 	6 	1.62 eV 	 - 

-n  

maIMU 
- -Iii• 

.TJ.fl'p ro_-5_ 	 I 

Figure 1. Typical contour diagram showing I(x)x 2  for the scattered K atoms as a function 
of energy loss and deflection angle. This example is for -K/CH 3 I at a collision 
energy of 164 eV (centre of mass). - The growth of inelastic scattering with increasing - 
angle together with a drop in elastic scattering is apparent. - - 

A2 - 
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Figure 2 Cut through a contour diagram at constant deflection angle The example is 

• 	 for the system K/CH 3C1 at 2•75° and'115 eV (centre of mass). 

angle. Examples of such cuts are displayed in figure 2 and represent the rneánof 
several independent measurements in a narrow angular range. The experimental 
data is shown after application of any necessary shift in time origin based upon 
the observed arrival time of the 0° reference profile The shaded curve shows 
the result of a partial deconvolution procedure using the 0° profile as a reference 
The peaks are sharpened by this process so that the relative intensity in each 

• :, - loss channel can be estimated more easily, but can already be distinguished in the 
unprocessed data. This treatment was applied to all the data obtained in this 
work and the position of every peak in the energy loss profile, regardless of its 
amplitude, plotted against scattering angle to produce collision process maps for 
the various systems, figures 3-6 These collision maps provide a much better 
visualization of the topography of the scattering, though they contain no in-
formation of the size or importance of the process illustrated 

Process No 	 Angle 
4 	5 	 7 	9' 	- 	• 	10 . 	14 	'11 	 12 

A.  

	

;:*A 	/: 
£ • 	' 	. 0 	 4 

A 

A 	 -JA 	4 10, 	 A 

- -' 	Energy toss/eV 	 ' 	 - - 
Figure 3. Collision process map for K/CH 3 I 164 eV(CM). The CM scattering angle is 

- 	on the vertical scale and a sequentially assigned process number is shown at the top 
of the figure. - 	 ' 	- 	 • 	" 



The electron harpoon 	 5 

0 	1 	2 	 4 	 6 	.; 	8 	Energy loss /eV  

Figure 4. Collision process map for K/CH 3 I 81 eV. The CM scattering angle is on the 
vertical scale and a sequeniially assigned process number is shown at the top of the 
figure. . . 
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Figure 5 Collision process map for K/CH 3C1 115 eV The CM scattering angle is on the 
ertical scale and a sequentially assigned process number is shown at the top of the 

figure.  

Proc,ss No. 	'.' 	 ' 	 . 	 .' •" 	 Angle 
1 	3 	 568 	 9 	10 	11 	12J 

30
.  

S A 	 l 	A 

A 	 2°  

i. 	•.- i 
0 	. 1 	.2 	 4 	. . 	6. 	: 	 8 	. 	 10 	. 	 12  

Energy Ioss/eV 

Figure 6. Collision process map for K/CF 3 I 170  eV.''- The CM scattering angle is ori'.the-. 
vertical scale and a sequeiitially assigned process number is shown at the .top of the 

• figure; 	. 	. 	.. 	''. 	. 	. 	. 	. ' 	. 	• 	. 	. 	. 	. 

In general, a fairly clear pattern emerges in these collision maps though in 
some regions ambiguity arises, for example,.where two processes with similar --
energy losses merge or cross within the effective energy resolution of the ap- - 

	

paratus. It is apparent from these collision maps that with one or two possible 	- 	• -. 
(and interesting) exceptions the . observed processes, have energy loses that are - 	- -- 
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independent of scattering angle. - In some cases the observed energy losses change 
with the initial collision energy while in others the energy loss-remains constant. 
The observed channels ãresummãrized for all the systems and collision energies 
in table 1.. - - 

Table I Observed energy loss channels 

System and collision energy 	 Losses in eV 
Process 	- 	 Mel 	 PrI 	MeC1 	CF3 I 	 HI 
number 	 81 eV 	164 eV 	166 eV 	115 eV 	86 eV 	170 eV 157 eV 

1- 	 0•0 	:0•0 - 	.0.0:- 	0.0 	00 	-.0.0 	00 

	

21 	 06 	10 	04 	10 	07 	- 	— 
K°+vibn 	13 	 (22)1 

i+vibn 	20 	17 	16 	25 	20 	17 	16 

	

4 	 31 	28 	22 	37 	26 

	

5 	 40 	36 	33 	 29 	37 	30 

	

6 	Valence 	4 6 	4 8 	44, 	4.8 	3.9 	4 5 	- 

	

7 	transitions 	5 0 

	

8 	 57 	55 	51 	60 	62 	54 	53 

	

9 	 64 	64 	66 	7 	75 	78 	74 

	

10 	Rydberg and 	8 0 	8.4 - 	8.5 	9 7 	f 
transitions 	 104 	108 	11.2 	f 	11 	11 0 
from 

	

12 	cer 	t 	124 	132 	t 	t 	131 	- 

	

13 	levels 	 t 	- 	 .j- 	 14 8 	- 

	

14 	 6–>72 	64-->90 11-128 75487 

increasing increasing increasing increasing 

in EX 	n E 	in 	in E 
range 	range 	range 	range 

40– 	60– 	160– 	90– 

220 eV 	900 eV 	550 eV° 430 eV° 

t Process not observable since 41 K isotope peak obscures this region 
-: 	Process notseen 	•. 	 . --- 	 -- 	 - 	 : 	 - 

I Model fits suggest two channels the upper almost coincident with three and only partially resolved 
inthe data. 	 . 	. 	 -: 	- 	•- 	•. ; 	- 

Differential cross sections were extracted from the deconvoluted data for 
each process in the collision map by summing the scattered intensity in a narrow 
band of energy loss centred on the appropriate loss peak - Small changes in the 
location of peaks in energy loss can produce large variations in the size of the 
differential cross section estimated in this way and it is necessary to make a 
large number of measurements Most extensive data is available for the CH 3 I/K 
system and differential cross sections derived in the way described are shown in 
figures 7, 8 and 9 In figure 10 the total (all channels) neutral scattering 
differential cross section for this system is compared with that for HI which 
displays a very rapid fall off, in neutral scattering as the angle increases 
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Figure 9 

I 	

000&:00000 

?QQ9. 

	

- 	0 	-- 	400 - 	800.  
-- 	 - 	- 	

: 	

EX/eV0 - 	 -- 	- 

Figures 7 to 9 Obsered and fitted differential cross sections for the smaller energy loss 
processes in the K/CHI systemat 164 eV. The solidiited  curves ar&basedon  

- - 
	the model defined by ejuatioiis (3)-(9) 1  the observed cross sections are-normalized 	-- 

	

- tothese curves. 	 als The nurnerin each plot refer to the proes number. -  

- i 

• - 	. 	- - 	 u 	- 	. 300 -. - 	- 600  

	

- 	-. 	 . ---------------- . 	- 	- 
Figure 10. The total differential cross section obtained by summing over all the neutral - - 	- 

- 	- 	exit channels for the K/CH 3 I system-at 164 and 81 eV and -HI at 157 eV are shown. 	- 
- 	•, 	The relative position of each curve is aibitrary butfor comparison the cross seCtion 	- - - 
- . - 	 computed from the ground state potential of 	 fo the model r CH 3 	 . is I at 164 eV also 

shown (- 0-0-0-). 	 - 	- -- - - 	 - - 	- 	• 
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- 	4. Discussior 

The energy losses observed are clearly vibronic in character ; the possibilities 
are  M+RX->M+RX, . 

	 (1) 

->M+RXt (or M+R+X), (2) . 

(3) 

>M*+RXt; 	 (4) 

M+RX*(RX*t), 	 (5) 

->M+RX; 	 (not measured in this experiment) 

where (*) indicates: electronic and (1') vibrational excitatio'n. The doubly 
excited channels, M* + RX*, are energetically open, but we have not found it 
necessary to invoke them in interpreting the small angle, scattering. 

The quasi-linear trajeètories explored in these measurements are not only,  
advantageous in simplifying the trajectories themselves' but also in limiting the 
momentum transfer available to produce inelastic processes by direct collision 
on the repulsive potential wall. The maximum energy, zE, transferable in this 
way by quasi-linear trajectories ëan be estimated by assuming the molecule RX 
to be a forceless oscillator, fdr which. . . 

	

Emav
M2 

 EX 2 , 	 (1) 

where the M  represent the masses of the various groups and' Mz  is the mass of 
either R or X according to which end is struck For the onset angles of the 
processes observed here X is typically <2° and the maximum energy transferable 
is <0 5 eV This still leaves open the possibility of much larger vibrational 
energy gain via he4'd-on collisions with the CH 3  or H end-of RI.. We discount 
this possibility, firstly, because of its inherently low probability as a small 
impact parameter effect and, secondly, because the accompanying energy transfer 

- would be strongly angle dependent (as can be seen from.euation (1) or the cor 
responding equation for MK - > Mx ). It is one of the striking- characteristics of 
the observations under discussion that the energy, loss is nearly 'always in-
dependent of scattering angle 

There is a natural division between the channels, (1), (2) and (3) which neces-
'sarily lie below the ionization.energy of p9tassium'(43eV) plusayibrational. 
component and the remaining channels which can extend up to the ionization 
potential of the target molecule and beyond The elastic and K*  scattering are 
thUs'discussed in § 4.1, the lowest excited molecular states- the A states) in § 4.2 
and'the higher excited states in. § 4.3.- -. - , . ----------- 

- 	-- 	4.1. Vibrational and 'alkali atom excitation 	 - 

These processes can extend '-up to 43 eV, the ionization potential for 
potassium, however, the highly excited states of K 35 eV) are unlikely to be 
important since geometric factors will ensure that the crossing probabilities 
to'these levels will be very small. In the collision energy range used in this work'. 
the reactive channel associated with the, electron harpoon -mechanism is closed, 
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because the K+ ion formed in the collision cannot accelerate and capture the 
halide negative ion before leaving the ionic surface or escaping from the collision. 
Nevertheless, it is reasonable'to speculate that similar electronic rearrangements 
will occur although the actual dynamics of the nuclear motion will be different. 
This speculation is confirmed at least partly by the small values of reduced 
scattering angles at which the processes are observed, to onset, a factor suggesting 
the operation of both strong attractive potentials and relatively' long range 
interactions in producing the observed inelasticity. Following in the spirit of the 
harpoon model we postulate that the large energy losses, both vibrational and 
electronic, result from a substantial change in the potential surface during close 
encounters. An essential feature of this change is a switch to a much more 
repulsive state in the R—X coordinate. In contrast, no strong repulsion force is 
experienced along the K—X coordinate and the angle of deflection remains small 
even in the presence of substantial energy transfer. 

The nature of this intermediate R—X repulsive surface is clear. Because of 
the low ionization potential of the K atom, charge. transfer (CT) states become 
important as the K atom approaches and in a diabatic representation even cross 
the non-bonding states correlating with the neutral partners. This same inter-
mediate state, since it is attractive in the K—RX coordinate, can act as a doorway 
for passing from the entrance channel to •  states correlating with K(4 2P). 
Normally, e.g. in K/Ar, states correlating with K(4 2S) only cross thosecorrelating 

with K(4 2P) far up the repulsive wall of the potential and K*  would not be ex-
pected to appear at small scattering angles. The intervention of a CT state 
over which (dV/dR K _x  is predominantly positive, scatters the K*.  into the forward 

direction. 
The ingredients of our basic model are 'now complete. Referring to figure 

11 the system enters along the K—RX coordinate from the right with the RX co-
ordinate at its equilibrium distance R e . At the 'crossing, when RK_RX = R, the 
motion may either continue diabatically along the potential (A) or a transition 

made to the CT state (B) in which case the RX ion starts to extend rapidly. 
The motion in the K—RX dimension meanwhile unwinds to a second crossing of 
the two surfaces. The location of this second crossing at R'0  corresponding to 
electron recapture, is very sensitive to the length of the R—X bond. If the elec-
tron returns at this first attempt the system exits as K(4 2S) + CH3 I which may be 
vibrationally excited' (2) if the collision sampled the CT state or vibrationally 
cold (1) via the alternative neutral surface (A). If the motion continues on past 

R' 0  on potential (B) a second chance for the electron toreturn occurs at R' 1 , the 

crossing with a K*state,  and the system exits at K*  in channels (3) and (4). 

The R—X bond has meanwhile continued to stretch so that R' 1  progressively 

moves to larger R as the electron affinity of RX increases towards that of the free 
halide atom. The probability of electron recapture falls rapidly as R' 1  increases 
so that the likelihood of the system exiting as ions increases as the RX bond 
stretches. The key features of'this model are thus the two successiveelectron 
transfers with changes in the molecularge6metry occurring during the T phase 
of the motion. 

The validity of this model is explored under the following assumptions 

a constant velocity rectilinear .trajectory; 

electron transfer is vertical at each crossing; 
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Figure 11 Schematic cuts through the K—CH 3 I potential surface A typical section 
along the K—RX coordinate is projected onto the V(Ri.z iix) wall where successive 
cuts through the CT surface (B) are shown as the R—X coordinate expands and the 
crossing on the return path R c  is pushed out The actual path of motion in this 
coordinate system for an impact parameter slightly less than R is projected onto the 
base plane of the diagim and illustrates the considerable vibrational energy transfer 
that can result 

the motion in the R—X coordinate is uninfluenced by the K+  ion 

the repulsive potential in RX is linear i e (dV/dR R_)=k (where kcan 
be obtained from electron attachment data) 

the crossing points R,  R , R 1 , R 1  are independent of the stretch in the 
R—X bond 

Under these conditions we find 	 - 	 - 

LET_ — k 2 Ml d2/( R EJ  B)+"RX, 	 (2) 
where 	

isthe reduced mass ofthe oscillator, d the distance along the- K 
path between the two crossings at R and R' and tX VRX  is the change in potential 
energy of the neutral RX arising from the bond extension Although this last 
term is important for large extensions of the oscillator we can obtain a reference 
parametrization by neglecting it. Thus in figure 12 we plot the measured energy 
loss (in .the 0-4 eV region) against /3=k2  MK//4RVE). 
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While it is hardly to ,bë expected that these plots would be linear (in accord 
with this simple model) they show a clear orderihg. In the limit of fast col-
lisions, i.e. no molecular geometry change involved, the obseryed losses are seen 
to converge on 0 and 16 eV, K(4 2S) and (4 2P), production respectively. The 
behaviour of the two vibrational branches associated with each electronic 
channel is clearly differentiated and can readily be explained by the mechanism 
outlined above. Channel(2) arises from a crossing onto the CT state at the first 
opportunity on the incoming path, -R e , leaving again at the first -opporiunity on 
the outward path, R'.  Channel (3) arises from a late crossing on the outward 
path onto potential (B) in figure 11 andchannel (4) from an early crossing onto 

	

the CT state (B) on the inward path and continuing on (B) to R' 1 . A pattern 	: 
can also be discerned in the deviations from linearity of these plots. The initial 
slope of the plot is always greater than the mean slope for a particular process and 
the energy transfer for large values of fl correspondingly less than the value 
predicted by the simple model. 

CF3I CF3I- 	CH3I 	 0131 	 CH3CI 	 - - 

Hrii 	
;--. 

3 	 [41 	I 

Figurej2. Plot of energy loss in the first four channels of a1lthe systems as a function of 
the reduced parameter P (equation 2). Systems labelled (a) are at 200 eV LAB and 
(b) at 100 eV. 

Inclusion of the omitted term, tXVj 1 , would increase the amount of vibra-
tional energy predicted by this model. But it is clear that the assumption of a 
constant repulsive force in the negative ion cannot hold for larger bond extensions 
(final values of RRX  are typically 02 A greater than the equilibrium value). 

Trajectories behaving adiabatically at only one avoided crossing i.e. transfer-
ring an lectron only once, will exit as ions. The importance of the ion produc- - 
tionchaiinel depends upon the extent to which the C—X.bond stretches in the 
negative ion state. - As this bond stretches the electron affinity increases and the 
crossing points, R' 1  and R',  between the neutral and ion pair surface move 
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rapidly to larger radii and the probability of electron recapture decreases rapidly; 
approaching that for the free halogen atom/potassium system which is known to 
be.small.[22]; 

This pattern of behaviour is demonstrated most clearly in the HI system 
(figure 10) where the very light reduced mass of the osCillator"results in the rapid 
departure of the H atom when the negative ion staie is formed. In measure- 

• ments on this system only the late crossing branches for K (4 2S) and (42P) could 
• 

	

	be observed and the total differential cross section falls off extremely rapidly 
with angle. Similar, though much less marked behaviour can also be seen in the 

• 

	

	CH3 1/K differential cross sections. For this system .a cross section computed 
from the fitted neutral potential (A) is also shown for comparison Computations 

• 

	

	using this potential to obtain the b(X) dependence yield an estimate for .the total 
ion production cross section of 12 A2  at a collision energy of 81 eV. 

A, more detailed analysis of the proposed sequential electron transfer model 
was made by developing a computer algorithm to model the collision dynamics 
for particles moving in the potential scheme of figure 11 The potentials (as for 
almost all systems of chemical interest), are not well known and it was appropriate 
to develop a simple classical picture using Landau—Zener probabilities to 

'. describe the non-adiabatic electron transfers.. Since the trajectories are closely 
linear and of almost constant velocity considerable simplification can be made in 
the dynamical calculations. 

• 	In the initial realization of the model the rriotionof the potassium atom and 
the expansion of the negative ion were assumed to be entirely independent except 
that the lifetime of the ion pair was determined by the period spent between the 
curve crossings in the K—I dimension The location of these crossings was 

• 	adjusted iteratively during the 'computation of the tfajectory as the negative ion 
• 	expanded and its electron affinity changed The sniall angle formula was Used 

to compute the deflection along each section of potential and appropriate 
Landau—Zener probabilities applied to calculate the differential cross section 
The energy loss was evaluated by summing the internal kinetic energy of the 
negative ion and assuming vertical electron transitions, i e the construction shown 

• 	in figure .11. 
The results obtained from this model with the i nitial set of potentials (solid 

lines in figures 13 (a) and (b) could not be brought into agreement with the 
observed energy losses Particularly severe difficulties arose with trajectories 
having an early electron transfer, i e on the incoming leg of the motion which 
sampled the iOn' pair potential most exhaustively. The uniformly repulsive 
nature of the C—X' potential assumed in this model almost inevitably led to 
dissociative ion production in complete disagreement with the rather striking 
experimental observation of a substantial neutral channel with a constant energy 
loss The RX potential used in this calculation is derived from electron attach-
ment experiments which yield information primarily about the isolated negative 

• 	 ldse to that of the stable neutral molecule. In contrast, ion in a configuration c  
• in the dynamical situation pictured in the. present model a' positive ion, K, is 

• always in close proximity during the important phases of the motion. Very 
substantial polarization effects are certain to occur and a considerable reduction in 
the effective population of the a*(C_X)  orbital can be expected. Effects.of this 
type modifying the repulsive C—Xpotentialin the close 3 body collision region 
can be incorporated into the model by including an appropriate 3 body term into 
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(a) 	 (b) 

Figure 13. (a) The CH 3 I potentials. Two negative ion potentials are shown, that of the 
free ion and (dashed) the modified form found necessary in fitting the present data. 
(b) The K—Me I potentials. Two CT potentials are shown, corresponding to the 
two limiting orientations of the 'alkyl halide and given by equations (5) and (6) 
(dashed), respectively. - 
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(b) 	 (c) 

• 	Figure 14. betailed fitting- of the angular dependence of the energy loss (E in eV) in 
• K—CH3 I. (a), K—CH 3 I at 164 eV CM; (b), K—C3H 7 1 at 166 eV CM; (c), K—CH 3 I 

at 81 eV. The first three inelastic channels are shown. The circles show the 
location of the inelastic peaks obtained by smoothing the contour maps. 
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the negative ion potential—a term which will be sizeable only when the K ion 
is in close proximity. 

• 	This rodification was qualitatively immediately successful in providing, for 
example, an explanation of - the additional energy loss channel seen at low 
collision energies in the CH 3 I scattering. This is now seen (cf. figure 14 (c) to 
rise from a rainbow effect in which scattering at thesame angle arises from two 
different impact parameters corresponding in their turn to different periods 
spent in the ion pair state. No attempt via extensive parametrization has been 
made toobtain a quantitative fit but the excellent agreement, seen in figures 14 (a), 
(b), and (c) is obtained with simple potentials and confirms the validity of this 
picture of the collision. - - 

The - angular variation in 'the differential cross sections for the process 
under discussion depends largely upon the K-CH 3 I and K+-CH 3 I -  potentials, 
theinteraction in the C-I dimension-(which largely determined the energy loss 
behaviour) now being involved less directly in fixing the exit crossing radii. 
Inspection of the cross sections (cf. figures 7-9) reveals a number of features 
which can be interpreted fairly  directly. In the ground state elastic channel 
(process 1) .  the expected sharp fall off in intensity as the first crossing becomes 
accessible is visible at 200 eV ° implying a curve crossing at -.'33 A. The 
second fall -off at wider angles implying a further onset is discussed later. The 
vibrationally'hot ground electronic scattering (process 2) shows a rainbow peak 
at narrow angles as expected for trajectories sampling the ionic bowl—the fall off 
to low angles is visible in 81 eV data and to wide angles in the 164 eV measure- 

- - ments. Processes 3 and 4 leading to K(4 2P) excitation also show- the expected 
narrow angle Onsets, process 4, involving a crossing to the ionic surface on entry, 

- onsetting at the lowest angle. The peaks seen in both channels are probably 
asociated with rainbov phenomena as in the ground electronic state scattering 

These observations are in accord with the model proposed with the exception 
• - of the second wide angle fall off in process 1 and the two peaks seen in process 4. 

These features might be reproduced by modifying the form of the potentials used 
• in the model rather substantially, though there would be little physical basis for 

the - changes required. A more plausible explanation can be obtained by con-
sidering the probable anisotropy of the potentials. Estimates of this behaviour 

• have been made previously in molecular dynamics computations [23] and suggest 
that the initial curve crossing radius diminishes in the region of the methyl 
group, i e that the ionic potential becomes more repulsive Since the various 

- - 	angular features are fairly sharp'it is probable that the potentialvariations occur 
• 	over a fairly small range of orientations: In the spirit of the present model the 

molecule-could then be represented as the sum Of.two separate isotropic -con- 
tributions representing. the CH 3  and I groups. Two suitable potentials are 

- shown in figure 13 (b), the potential associated with the CH 3  group being shown 
dashed. The second wider angle peak in process 4 and the wider angle fall off 
in the elastic scattering then arise naturally as a result of collisions with the methyl 
group. 'Adjustment of the relative contribution of the two potentials to obtain 
agreement with the observations leads to a ratio of 70 per cent iodine/30 per cent 
CH3, a ratio in accord with the orientation experiments of Brooks [24] which 
yielded 60 40. - • ' - 

Computations with this model are compared with the observations in figures 
7, 8 and 14. The agreement is rather good, particularly in view of the restricted 
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parametrization used. The most significant deviations from the model are seen 
close to the onset angles for the various processes possibly reflecting.thè inadequacy 
of the diabatic potential forms in this region, - - 

The potentials used in these model computations, shown in figure 13, are as 
follows :. 

K—RX relative motion governed by 	- 

V'(R)/eV=O 24[(3 8/R)' 2 —(3 8/R) 6], 	 (3) 

V9R)/eV= V'(R)+ 161, 	 •. 

V'(R) iodine orientation/eV 

	

=01(3•36/R)12 — 120/R 4 — 14.4/R+(I.P. —E A ), 	(5)-  

V(R) methyl orientation 
=01(5•4/R)5 -120/R 4 -144/R+(I.P.—EA ), (6) 

(with trajectories sampling the two alternative orientations in the ratio 
7:3) 

•RX interaction 	 - 

V'(R 1 )/eV=D 0[exp (-4-7 R 1(R 1 -214))-2 exp (- 17(R 1 -214)J (7) 

and 	 . 

t7Rx(R i )/ ev= 165 exp (465(R 1 -214))i-V (3)(R 1 ,R), 	. 	(8) 

where the .3 body term which serves to constrain the C—I expansion 
• 	

- when the K+  ion is in close proximity is parametrized, rather crudely 

as  

V( 3)(R 1 , R)=O 8 (tanh 4(R—R)) x (tanh 2(R 1 -2 3)) 	 (9) 

- (3) The crossing probabilities are calculated by the standard Landau—Zener 
- formula. 	. 	1 	 - 

For crossings from the entrance channel to the CT state 	• • - - 

H12  = 0 28 eV 

with the difference in gradient, LF, given by - 	- 	- 	- 

- 	 - 	 - 	 - 	 - 	 -- 	 - 	 - 	 - •. 	 - 	 - 

Similarly exit from the CT surface is determined by another application of the 
Landau—Zener formula with the same value of H12  (despite the different position 
of the crossing) if the crossing is to the K(4 2S) channel and with the value 	- 

I!23-020 eV 	 • 	-• -- 

if the crossing is to the K(4P) channel. 	 - 	-. 
We conclude that the sequential electron transfer model accounts well for all - - 

the systems studied and that there is dear evidenée of a substantial modification 
of the molecular negative ion potential in the close encounter situation with a 

- K+ ion acting so as to contain the expansion. The data also suggests that the K+ 
- CH 3 1 potential is less strongly attractivein the region of the methyl group with 

approximately 30 per cent of the trajectories sampling this region of the molecule. 
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- 	 4.2. A state excitation 

In the systems studied transitions to the C—X antibonding levels occur in the 
4-6 eV range. Spectroscopically the six molecular states arising from this 
electronic configuration (cf. -figure 15) are seen.s continua. Only in the case of 
CH3 1 cantransitions to the 3 fl 0 -f:and states be unfolded from the observed 
band. Otherwise little information is available to guide the assignment of the 
observed processes to the production of specific molecular ,  states. In general, 
the number of available states exceeds the nuthber Of peaks observed, while the 
possibility of accompanying vibrational excitation is a further complication 

Figure 15. Schematic of the probable relative position of the A states of'RL The speCtro- 
scopic designations are strictly only applicable to HI in Hund s cases (a) or (b) 

- As inthe lower energy processes channelsin this regionare seen toonset 
at quite small EX values suggesting once again the involvement of charge transfer 

- states in the dynamics. It is unlikely, however, that. this could involve the 
ground stateóf the moleculir ion since the crossing with-the Astates would then 
be . at large distances where the probability would be small. The peaks observed 
in this region are shown in table 2, in general the systems containing iodine show 

- three transitions though in CH 3 I at 81 eVfour peaks are seen and HI yields only• 
two peaks. CH3C1, with a much smaller spin—orbit splitting, is seen to produce 
only two peaks. Comparison of these results with the states expected in figure 
15 leads to the very tentative assignment of these peaks to transitions to the 11 12 , 

3 fl 0  and states with the 3fl1  and 3 11, states merging in CH 3C1 because of the 
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Figure 16 The arrangement of empty and filled orbitals in the various target molecules 
The position of any leel depends upon the R—X coordinate and in the case of the 
anti bonding orbitals populated in the A states the spread of energies covered by the 
X -+A continuum is indicated 

previously published preliminary account [18] The additional data presented 
here is in accord with the original assignment except in the case n(I) —>7s transi-
tion in HI which is not observed (possibly because of the very rapid changes in 
geometry which can occur in this molecule) However, the large number of 
states which occur in this energy region make an unequivocal assignment difficult 
Nevertheless, it is interesting to note the absence of any peaks that could be 
associated with transitions to other than Rydberg s states 

The mechanism by which these transitions can proceed with relatively little 
deflection.öf the K atom will be discussed elsewhere. Here we only note that:all, 
the observed states differ from the ground state by the promotion of only one 
electron. - That is, the final states are characterized by a hole in a preyiously 
doubly occupied orbital and an electron in a previously empty orbitaL In the 
spirit of our model for the excitation of the K*  states, this suggests a sequential - 
two step electron capture/removal mechanism usin new intermediate, charge 
transfer states.  

Support for this work by the Science Research Council is gratefully ack-
nowledged. 
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1 able 3 	Lncrgy losses >6 eV proposed 'lssignment and predicted inergy loss 

Observed energy lss cV/predicted 
System and collision energy cncrgy loss cV 

Process 	Proposed Mel 	 PrI MeCI CF3 F 	 H I 
number 	assignment 81 eV 	164eV 	166 eV -' 	 115 eV 170eV 86eV 	157 eV 

9 	n(X) 	(n+l)s 64/6. 	64165 	66/6.5 7f /7.7 7.8/7.4 75/74. 	74/74 

10 	n(X) - .(n+2)s 80/8.3 	- 	8

- . 

4/8 - 3 	8.5/8.3 9.7/9.8 97/92 f/9•2 	—/91 

11 	a(C-H) -~(n+ 1)s f/11.0 	10../11•0 	10.8/110 112/113 —I-- —I— 	—I- 
12 	a(C-H) ->(n+2)s 1712 - 9 	124/129 	132/12.9 f/13-4  
11 	cr(H-I)--i-(n+1)s 110/107 

11 	n'(F) -(n + I )s —/— 	. —/— 	—/— S 	_/_ 11.3/1 1-2 f/I 1•2 	—/--- 
n'(F) ->(n+2)s  

12 	 or —/— 	—/— 	—I— —/— 13 1/13 1 f/13 I 	—/- 
n(F)->(n+1)s 

13 	n (F) -(n+2)s —I— 	—/— 	—I— —/— 148/15 0 f/15 0 	—/- 
14 	n(I) _.a*(C_H) 677 2 in 	6 4-9 0 in 	11-12 8 in 7-5-8-7  in - - 	 - 

Ex range 	Ey range 	Ex. range Ey range 
40-220 eV°[ 60-900 eV°/ 	160-550 eV°/II . 90-430 eV°/ . 

6 + internal 	6 + internal 7 + internal 
energy 	energy energy 

j- 4 'K isotope peak prevents observation in this region 
Process moves through this region making resolution of-the peak difficult. S  S  

§ There is evidence of two peaks in this region at 10-0 and 10-8:  

The a 	it can not be deduced unambiguously from the optical spectra but are likely to be much higher in CH 2  of the C3H 7  ,roup 
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smaller spin-orbit splitting. In HI the possible'effects of
, 

 non-vertical electron 
transitions are likely to be much larger. 	 - 

Table 2. Observed energy losses and proposed assignment in the molecular A state region. 

	

System and collision energy 	Observed energy losses/eV 
Process Proposed 	Me! 	PrI 	MeC1 	CF3 I 	HI 
number assignment 81 eV 164 eV 166 eV 115 eV 	86 eV 170 eV 157 eV 

2•9 3.7 3.0 

3.9 4.5 

5 4.0 36 33 
48 

6 	3ll 4•6 .4.8 4•4 

7 	.. s.o. : 

8 	3Z 5.7 5.5 - 	 5.1 60 6•2 	54 	'5:3' 

4.3. Excited molecular states above the A states 

The energies of the most important excited molecular states are displayed in 
figure 16. There are, several series of excited states converging on different  

ionization limits, but the only secure set of levels are those obtained from U.V. 
. 

- spectroscopy. . These correspond ,. to the promotion of • a halogen lone pair 
electron to progressively higher orbitals of increasingly Rydberg character 
However, there- are other series of levels arising from the promotion of a C--H, 
bonding electron (from one of the aC_H  orbitals, neglecting the splitting under 
C3 , symmetry) or from the C-X bonding orbital- The ionization potentials. of 
these processes are known from photoelectron spectroscopy.- We have included 
these deeper lying orbitals in the diagram by assigning the various ionized states 
of the molecule a common energy, that of the ground state ion and placing the 
deeper filled orbitals so as to give their observed ionization energy. Within the 
framework of Koopman's theorem we can now read off the approximate excitation 
energy for say, promoting a 0CH  bonding electron to the 6s Rydberg 'level as, - 	 -. 

simply the difference between the relevant orbital energies in the diagram. 
All the molecular energy. levels vary with the molecular geometry, though this 

is particularly important in the case of the purely repulsive A states and the 	-. - 

- energy  rangeobserved spectroscopically for the X -~A continuum is indicated. 
The lower lying -members of the various progressions that are obtained in this 

way are given in 'table 3. The first series, n(X)-->(n+ 1)s converges on the -. 

ground state ion .RX+. The 'next series,. aC_H - (n + 1 )s converges on the first 
excited state of the alkyl halide ion. The analogous excitation in CF3I, 	- 

(n+ 1)s, lies at a higher energy than the process n'(F)-(n± 1)s, involving the F 
atom lone pairs. The final process, with an electron promoted to a UC_H.' 

anti-bonding orbital really belongs in the first progression since it involves  

removing an electron from the iodine lone pairs.  

	

Comparison ot the possible transition energies between the levels in figure 16 	-' 

and those observed experimentally is also made in table 3, which supplements -a 
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3? 
ELECTRONIC AND VIBRATIONAL EXCITATION 

IN K+SF6  COLLISIONS 

G.W. Black and M.A.D. Fluendy 

Department of Chemistry, University of Edinburgh 

Measurements of the inelastic differential scattering 

cross sections for K+SF 6  have been made using a time of 

flight technique described elsewhere (1). 	At a centre of 

mass collision energy of 162 eV the observed :t1tral  K atom 

scattering is dominated by an almost elastic process which 

falls off more rapidly with angle than expected for typical 

repulsive inter-molecular potentials. 	A number of weak but 

discrete processes are also observed and listed in the Table. 

Process Energy % of 
No. loss Elastic Assignment SF6  Vibn Extn. 

/eV Peak 

1. 0 100 K(4 2S) 0 

2 2.4 3.5 K(4 2S) 2.4 

3 4.3 0.3 K(4P) 2..7 

4 5.3 0.2 SF6(A)? Dissoc. Te= 5.7eV 

5 6.7-8.4 1.5 .SF6(B)' Dissoc. Te= 7.9eV 

6 10.4 0.2 SF6(C)?? Dissoc. Te=11.2eV 

• 	A number of'workers (2) (3) (4) have investigated ion 

production in. these collisions. 	lonisation is found to be 

• an important channel increasing rapidly from onset at the 

adiabatic threshold and rising more slowly thereafter. 

• The vibrational motion of - the SF6  is strongly coupled as 

• evidenced by the production of fragment ions and the 

effectiveness of target vibration in promoting ioriisation. 



-224- 	- 

The process is interpreted as proceeding via a vertical 

electron transition to a compressed configuration of the 

SF6  ion, Fig. 1. 

In these measurements the 

angular dependence of the 

-V(R)/eV 

0 

-2 

ST6 /SF 5F Potent%$1I 

 

elastic cross section, 

corresponding to diabatic 

behaviour at the ingoing 

crossing, is distorted by 

 

s1 5-r 

sr . -r,  

the substantial adiabatic 

process. 	This usually 

leads to ionisàtion as a 

result of the S-F bond 

stretch in the negative ion. 

A small fraction is seen, 

however to behave adiabatic-

ally at the outgoing ôrossinç 

with either the K(4 2S) potential to produce vibrationally hot 

SF6  (process 2) or with the K(4 2 P) potential to produce both 

10- 	an excited alkali atom and hot SF 6  (process 3) 

Simple classical calculations (as described elsewhere (1)) 

using the potentials shown in the figure yield good agreement 

with the observed energy losses, Fig. 2. 	The calculated energ 

losses are particularly sensitive to the form of the SF 6  

potential, which is not well known and must have a slightly 

narrower bowl than that drawn by previous workers. The two 

branches contributing to the K(4 2P) scattering originating 

from early or late crossings to the ionic surface are found to 

have similar energy losses in the model and are averaged 

together in Fig. 2. 
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tE/eV 	
/SF 6  162 eV Collision Energy 

5 	
( 2P) + 515 (v) 

.4 - 

K( 25) • SF6 (v) 

.2 

k( 2S) + SF6 (o) 

I 	I 	I 	I 
2 	 3 

Scattering Angle 

Potentials: 

Fig. 2 Energy loss 

as observed and cc 

puted using the 

potentials shown 

V K/SF6  

V(neutral) 	(2.3 x 107/R) 13.7 eVA0  

V(.ionic) 	= (3.44 x 106/R)13.7-14.394/R + 4.86 

V SF6  

V(ne1trI')=3.38(l-exp(-1.58(r-1.56))) 2 -3.38 e\i 

V(iQnic.)=f:OO(1-exp(-l.25(r-2.12))) 2 -1.00 
+ 

0.4(1-tanh (r-3.25)) - 2.9 eVA0  

(corresponds to a vertical Ea of -0.56eV) 
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