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Pt one 

A spectrophone technique is developed which allows measurement 

of the relaxation times,at room temperature, of molecules whose 

radiative lifetimes and collisional relaxation times are comparable. 

The relaxation times of CO, HCl )  DC1, and FIBr are determined. The 

relaxation times of the last three gases are much shorter than those 

predicted by standard vibration-translation energy transfer theory, 

and it is shown that the results are best explained in terms of 

vibration-rotation energy transfer. 

Part two 

Part two is concerned with the development of an electron impact 

spectrometer designed to study electronic excitation in molecules. The 

incident electron energy is chosen so that the optical selection rules 

are not expected to hold. Electron impact spectra of helium and argon are 

obtained. The usefulness of the method is discussed in the light of other 

work, and suggested improvements are considered. 
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PREFACE 

This th.sis is concerned with two types of 

excitation processes in molecules. Part One 

deal, with the intermolecular transfer of 

vibrational sner, and Part Two with the 

excitation of electronic states of molecules 

by electron Impact. 
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Chapter One 

Introduction 

Vibrational Energy Transfer: 

Molecular energy in distributed among vibrational, rotational and 

translational degrees of freedom. If the temperature of a particular degree 

of freedom is perturbed by an amount LT, then the return to equilibrium is 

governed by the equation 

d( AT)/t 

where C is the ?relrtion times of the process. 

Collisional rel*iztion of the various molecular degrees of freedom 

shows enormous differences in rate. Equilibration of translational energy 

requires only a few collisions, and that of rotational energy rarely more 

than twenty. In contrast, vibrational relaxation usually requires between 

103 and 1010  collisions, 

This slow readjustment of vibrational energy has Important consequences 

in both physics and chemistry. It affects gas dynamics by introducing a time 

dependence into the thermodynamic and transport properties of gases, and is 

important in such diverse fields as the design of rocket motors and infra-red 

gas lasers. Application in the field of gas lasers have recently been 

receiving increased attention, and an idea of the range of possibilities can 

be had from perusal of the supplement on Chemical lasers published by the 

Optical Society of America (1), In addition, since the activation and 

deactivation stages of max' chemical reactions involve the conversion of 

kinetic energy of motion into vibrational energy, the relation between vibrational 

energy tr&nler and chemical kinetics is a close one. The wide range of 

vibrational relaxation times offers a useful criterion against which to test 

our grasp of molecular interaction, in systems which can be specified in detail. 
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The knowledge so acquired can then be applied to the more complex conditions 

Prevailing when chemical reactions occur. 

Vibrational energy may be transferred by collisional or radiative 

processes. The radiative lifetim.s ( rid) of most vibrationally excited 

states of molecules with electric dipole moments are of the order of 

milliseconds,  so that, under normal experimental conditions many collisions 

occur during one radiative lifetime, and collisional relaxation predominates. 

However, in a few diatomic molecules with high fundamental vibration 

frequencies (greater than 2000 om) the two processes become competitive. 

Since radiative lifetimes are known from absorption intensity measurements 

this competition can be used to determine collisional relaxation times. 

The present work is concerned with the developnent of such a method. 

The inefficiency of collisional transfer of vibrational energy is 

easily understood qualitatively. For changes in translational energy to 

affect the internal motion of a molecule it must experience, during collision 

with another, in oscillatory perturbation whose frequency corresponds to that 

of the internal motion. A rough analogy may be drawn to a vibrating spring; 

if the spring is compressed and released slowly there is no resulting change 

in its motion, but if sharply hit it starts vibrating. In molecular collisions 

the perturbation effecting energy transfer arises from the change in 

translational energy of the molecules as they approach one another in the 

repulsive region of the intermolecular potential. At moderate temperatures 

this change is slow compared with typical vibration frequencies. Vibrational 

energy transfer is therefore inefficient. 

From this simple physical picture we deduce that rel'tion times 

will decrease with increasing velocity of approach, increasing steepness of 

the intermolecular potential, and decreasing vibration frequency. The 

situation is complicated by the occurrence of tomplex collisions. 
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As well as the simple case where vibrational energy is exchanged with 

translation, V..? transfer, there exists the possibility of vibrational energy 

exchange between the internal modes of the collison partners, V-V transfer. 

For near resonant collisions V-V transfer has been shown, experimentally and 

theoretically to be more efficient than the V-T process (20). 

Refinements of the basic theory proposed by Zoner (i) in 1931 have 

led to good agreent with experimental results for low energy vibrational 

modes of diaton1c and simple polyatomic molecules. The original classical 

approach of Landau and Teller (5), and later semiclassical and qumnt* 

mechanical treatments lead to essentially the earn. results. Discussions of 

the theories of vibrational energy transfer are given by Herzfeld and Litovita (6) 

and Cottrell and McCoubrey (7). 	The difficulty of a priori calculations 

for polyatomic molecules has resulted in a number of empirical correlations 

of experimental relation times. In a particularly useful one by Lambert 

and Salter (8) 9  a plot of the logarithm of the iumber of collisions undergone 

by a molecule before energy transfer occurs (Z10) against the lowest 

fundamental vibration frequency (,) sin =7 1 revealed that molecules 

containing two or more hydrogen stoma fall on a different straight line from 

those containing no hydrogen atoms. Compounds containing one hydrogen atom 

lie between the two lines. 

A possible explanation of this phenomenon arose from work by Cottrell 

et a]. (9 110 911) on the relation times of a series of hydrides and their 

deuterated analogues. Theory predicts that the lower vibration frequency of 

the deutarid* will be the controlling factor leading to a shorter relmtion 

time for the deuteride than for the hydride. Experimentally the opposite is 

true • The hydrides relaxed more rapidly than their corresponding d.uteridee. 

Cottrell suggested that, since the rotational velocity of the p.ripheral atoms 

is greater than the translational velocity of the molecule as a ithole, 



vibrational energy energy transfer into rotation might be more likely than into 

translation. Rotational-translational energy transfer is then rapid. A 

theoretical .xpression for T-R transfer ion 4arIyed (11) and the calculated 

ratios of hydride to deuteride relaxation times agreed well with the measured 

values. Conclusive proof that rotation can play an important part in 

vibrational de-excitation came from work by XIlllkAn  and Osburg (12) on 

carbon monod.de relaxed by ortho and pars hydrogen. And a recent correlation 

by Moore (13)  supports the interpretation of relaxation in many polyatcinic 

molecules in terms of vibration-rotation energy transfer. 

In the present work a method is developed whereby the optic-acoustic 

effect in used to measure long relaxation times ( >10 38e0) and a value 

is obtained for the relaxation time of pure carbon monoxide. The sem  

method is then used to detezinins the relaxation time. of HC1 9  DU and NBr. 

The values obtained indicate that vibration-rotation interactions play an 

important role in the vibrational relaxation of the last three gases. 



Chapter Ti 

Only a brief review of the more important methods in energy transfer 

will be given hers. A detailed discussion can be found in referense (7) aid 

in recent review. 

2.1 Ultrs.onic M.theda: 

Studies of the propagation of sound waves in gas.s have long provided 

the most important and accurate data on vibrational relaxation at or near 

roam tpsrturs. For a full account se. reference (6). 

)(.asurmesnt of Velocity: 

In an ideal gas the velocity of sound in given by 

2 	g(1 +4w) 

Where R is the gas constant, T the absolute temtprature, )( the molecular 

weight, and Cv the nEllr hut capacity at constant yolue., being the am of 

vibrational, rotational and translational contributions to the specific heat. 

At low sound frequencies the time between successive compressions and ram-

factions of the gas is long enough to allow emess translational energy to 

relax into vibrational modes. As the frequency is raised the period of the 

sound imve b.comss *=parable with the vibrational relaxation time; the 

vibrational modes no longer contribute to the specific heat, and the velocity 

of sound rises - see Fig. 1(a). The midpoint of this dispersion curve 

corresponds to a sound wavewhose frequency is proportional to the relaxation 

time. 

Measurement of Absorptiosu 

The dispersion of sound is accompanied by a non-classical absorption 

of sound caused by the relaxation process (Fig. 1(b)). The frequency at the 

absorption nazftm is 	 4n simply related to the relaxation time. 
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In both cases corrections must be made for the non-ideality of the 

gases. 

A basic limitation  of the above aethods is that energy is supplied 

to translation. It can then relax into all accessible internal mod" so 

that there is no my of arining preferentially the relaxation of one node. 

Also, because the source of sound is a quarts crystal high temperature work 

is ruled out. This means that molecules with relatively high vibration 

frequencies ( >1500 cad) cannot be studied ultrasonically (14) since a 

sufficient proportion will not be excited to the first vibrational level. 

2.2 	Shock  "I I 

As a shook ive travels through a gas the translational and 

rotational temperature Immediately behind the shock rises to a value sceeithat 

greater than the equilibrium temperature T3  of the shocked gas, while the 

vibrational tpsrature remains at ?, that of the unahooked gas. In the 

succeeding relaxation con, the vibrational tpsrature rises rapidly as 

energy is transferred into vibration; the translational teperature decreases 

towards T3  and the density increases, until equilibrim conditions for the 

shocked gas are attained. (Fig. 2). Investigation of the shock front structure 

gives vibrational-translational relation Uses. The most generally applied 

method has been asasurenent of the density profile with an interfexceeter. 

Gsdon and oo-workers (15) and Hoibeche (16) have followed the vibrational 

t.p.rature using a sodium line revereel technique. As with ultrasonic 

methods, shock waves give non-selective excitation of many vibrational level.. 

That this liinitation  can sasistiass be overcame is shown in a few studies of 

infra-red emission from shock bested gases, leading to relaxation times for 

specific nodes (17, 57). 

Shook waves allow the measurement of vibrational relaxation Uses up 

to several thousand degrees and hence provide an important ccunpl...nt to 

ultrasonics. A recent review of the subject in given by Bauer (19). 
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2.3 	Quenching of Vibrational Fluorescence: 

)(4 lii kqt $ work on infra-red emission from shock heated carbon 

momxide gay, a new method for determining the rates of vibrational relaxation 

of Co with m&qy different collision partners near zoom temperature (20,21,22). 

He uses the tact that for pure CO, or CO mixed with Ar, the radiative process (1) 

is more important than the collision process (2). CO denotes vibrationallyr 

excited CO. 
* 

CO 	>CO+h 	 (1) 
CO + N —> CO + x + kinetic energy (2) 

Thus at room temperature CO is expected to fluoresce. If this fluorescence 

is to be observed the CO used must be very pure and wall collisions most be 

e1fri1nd 0  )trnjstp experimental arrangement is shown in P'ig.3. When 

a flow  of extremely pure CO lam contained in an annular flow of Ar of matched 

velocity an intense fluorescence signal we obtained. The addition of 

increasing amounts of a foreign gas N that is efficient at de-exciting CO 

caused quenching of the fluorescence. At half-quenching the rates of the 

radiative and collisional processes are  equal. Since the rate of (1) is 

known, the collision efficiency of U is detezmin.d. 

The fluorescence in pure carbon monrxide could be detected for 4 cmi, 

or 0.2 sec., past the point of excitation implying that the collisional 

relaxation time at 286°K and 1 asiere pressure is of this order or longer. 

	

This value disagrees with the room temperature value of 	2 x io sea.0 

reported by Woodmansee and Decius (23) and the even shorter value of 

1.3 x lOs.cs. obtained by Delaney (24). Schaefer (25) measured 

3 x 10 seas. All these workers were using spsctrojone techniques 

which depend on detecting pressure signal, arising from collisional energy loss. 

But )(illikan showed that in pare carbon monoxide at room temperature radiative 

loss is predominant and CO should give no response in the spectrophone (20). 

The present work therefore began as an attempt to show that pure carbon monoxide 



gave no optic acoustic signal. 

24 The Optic Acoustic Effect: 

A gas meiscule absorbing radiation of the appropriate frequency will be 

raised to an upper vibrational level. If it then loses this vibrational energy 

by transfer to thermal energy during collisions with other molecules, the 

translational temperature of the gas increases, and in a constant voluee cystaun 

there is a concomitant increase in pressure. Periodic interruption of the 

incident radiation results in sound emission from the gas at the interruption 

frequency. This effect the toptic.acoustjo effect - was discovered 

independently by Tyndall (26) 9  Rontgen (27), and Bell (28) in 1881. Bell nam ed 

the instrument a .pectrojlion.. Tndall (26) used thermal radiation interrupted 

at an audible frequency to excite gas contained in a thin glass .Ii.r,, and 

detected the resultant pressure fluctuations with a mall listening tube 

attached to the srIiere. The lack of convenient sound detectors delay" 

further dvelojaent until 1938 iden, in a short time s  thise authors independently 

reported the use of the optic acoustic effect as a method of gas analysis 

(291 30 9  31). In 1945 Vi.ngerov (32) successfully employed the optic acoustic 

effect to measure infra-.red absorption spectra by using monochromatic exciting 

radiation, 

Measurement of Vibrational Rl't4on Time usi ng a Spec tro*on * 

Gorelik (33) in 1946 first suggested the use of the speotrophone to 

determine rates of vibrational energy transfer. H. pointed out that the time 

lag between the absorption of a vibrational quantu aid its degradation to 

thermal energy would introduce a hase lag between the incident radiation and 

the emitted sound. He also showed that the amplitude of the optic acoustic 

signal has an added frequency dependence because of the relation effect. 

Cottrell (35) showed theoretically that if the now number of 'vibrationally 

excited molecules depends on the frequency of modulation, the mean translational 



temperature should vary with the frequency in a manner determined by the 

vibrational relaxation time. 	However, he overestimated the mWltnde 

of the effect which in very mall and outwith experimental measurement (24). 

There are two theoretical approaches to the optic acoustic effect: 

Gorelik's original thermodynamic approach which is further developed by 

Cottrell (7), and the kinetic molecular approach adopted by Delany (24)  and 

Kaiser (36). 	Both treatments lead to the same frequency dependence for the 

phase and amplitude of the sound wave. The relationships are shown in 

Fig, 4. 

For the simple theory to hold, the rate of heat transfer from the 

gas to the environment must be negligible compared with the rate of the 

relaxation process • Thermal conductivity effects introduce a frequency 

dependent phas. lead and decrease the amplitude of the signal, thus int.rferimg 

with both quantities used to determine relaxation times. Heat conduction 

effects can be overcome by asking the modulation frequency sufficiently high. 

Delany (24) in an extensive study of the optic acoustic effect has confirmed 

experimentally the predictions of the simple theory. 

In principle the optic acoustic effect offers an ideal method for 

obtaining vibrational relavmtion times because energy is supplied to a selected 

vibrational mode. But the experimental difficulties are formidable • As well 

as phase and amplitude changes caused by relaxation and heat condution, further 

frequency dependent changes can be introduced by the apparatus. Such spurious 

phase shifts have proved to be one of the major problems in obtaining reliable able 

relaxation times from the spectrophone - see, for example, reference (40). 

Two experimental methods have been developed: measurement of the 

phase difference, and measurement of the frequency response of the signal 

amplitude. 	Slobodakaya' S preliminary experiments in 1948 (34) formed the 

basis of work by Slobodskaya and Gasilevich on the relaxation of CO2- 2 mixtures (37)• 
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In mixtures of high N2  concentration the relaxation phase lags are large. 

They decrease with increasing CO  concentration until too 	11 to be detected. 

The appsrstas phase  shift - the am of phase shifts due to the electronics of 

the detecting system. 9  the properti.s of the diaphrs, and variations In gas 

properties - was assumed to be independent of gas composition. The apparatus 

phase shift was then deduced frce the fast relaxing end of the scale, where 

the relaxation phase shift was undetectable, and used to correct the slow 

relaxing end. The 2.7 and 4,5y bands of CO2  were studied. 

A much more satisfactory axp.r1at becomes possible if the apparatus 

phase shift can be eliminated. Then the relaxation tines of pure gases and 

gas mixtures can be obtained from the pressure dependence of their phase 

shiftsj decreasing the pressure increases the re1*tion  time and hence the 

phase lag. This pressure depsndence experiment was attempted by Jacox and 

Dauer (38). However, at a modulation frequency of 2.550 ks/s their results 

deviated markedly from the theoretical ho... It is possible that at the 

high frequency used their microphone would be near resonance, hence introducing 

pressure dependent phase changes which would destroy mW relation between the 

measured phase shift and the desired relaxation time. 

Delany (24) studied the relaxation times of CO and CO  using both 

Blobodskaya' a method and the pressure dependence technique. He used a 

reciprocity technique to calibrate the microphone phase shift before each 

experiment and appears to have eliminated spurious phase changes. However, 

his gas purity was not high enough and he obtained rather short relaxation 

time. - 2.3 
1
1s. for CO2  and 13 s. for CO. 

Cottrell's suggestion that apparatus phase shifts could be eliminated 

by using a double cell spectrophone was investigated by Read (39). The optic 

acoustic signals of equal amplitide in two volumes of gas separated by a 

microphone diaphragm will be in phase with one another when the diaphragm 

remains stationary and no signal can be detected. Hence phase shifts due to 
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diaphragm and electronic properties are eliminated. If gas properties are 

matched - and phase shifts due to gas thus eliminated - the phase lag which 

has to be introduced into the beam illuminating the fast relaxing gas is a 

direct measure of the re1ation lag characteristic of the gas being studied. 

Unfortunately, the system proved Impracticable. 	Whilst the diaphragm had to 

be stiff to separate the two gases, the detection of MAU stgnls  required 

it to be flexible. However, some of the advantages of the double cell 

spectrophone were retained in Read's two cell experiment (39). Here the 

reference signal for phase comparison came, not from a photocell, but from 

a second spectrophone filled with a fast relaxing gas. It was hoped that by 

matching gas properties and cell sensitivities most of the apparatus phase 

shift would be eliminated. CO2, N20 and CH4  were studied at a modulation 

frequency of 189 c/o. 

The two cell approach seamed promising; it was therefore further 

investigated by Macfarlane (40). However, he shoved that phase lags were 

present which had no connection with relaxation processes. In fact the 

metal coated )telinex diaphragm used by Read was resonating in the region of 

100 - 200 c/o. Also matching of either gas properties or cell sensitivities 

was found to be impossible. The two cell approach was therefore abandoned 

and Macfarlane proceeded to design a single cell experiment using Brue]. and 

Kja.r Type 4132 condenser microphone. These highly developed microphones 

have a flat audio-frequency response and low inherent noise, permitting 

sensitive and faithful detection of optic-acoustic signals over a wide pressure 

range. 

Phase measurements in methane, after correction for thermal diffusivity, 

gave a relaxation time of 1.6 ,p sees., in excellent agreement with the ultrasonic 

value of 1.5 	0 • 2 y sees. The apparatus was then used to measure the 

relaxation times of a variety of gases and gas mixtures (41, 42). 
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Nacfarlane's value of 	= 7.0± 0. 5,,p seas, for the 	band 

Of CO2  differs from that obtained by La.rcosbe (43, 44) who &Iso used a 

phase difference technique. However there appear to be error. in 

Laverco*b.s plots of pbass, difference against pressure, and some of the 

jtha.e differences measured were greater than 90, vhich is not possible if 

a purely re1ation process was being .ttxLted (see Pig. 4). Also he used 

ethane to calibrate his apparatus and sq thus have introduced I constant 

error because of neglect of the ditference in the velocity of sound between 

ethwe and carbon dioxide. 



Since this chapter was written Slobodskqa has published results of 

relaxation *eaaureents in undiluted CO  (67). The apparatus, with some 

modifications, wee the same as that used in reference (37). Here, apparatus 

phase shifts Were eliminated by studying the relaxation Of two bands in the 

'mm. gas - the 4.3 and 14.8!  bands of CO  20  The total phase shift tbr the 

first band, relaiaUon time 	is 	
. 	

and the total phase shift 

for the second band, relaxation time 	
+ 	 is 

the apparatus phase shift. The difference between the phase shifts is then 

A 0 = ~ 2 -  4 = arc tanLD1- arc tan u)t1  

(see equation (1) of chapter four). She obtained the relaxation U*ss by 

twomethods: 

(1) Frvm the dependence of phase shift on chopping frequency 

and 	(2) From the dependence of phase shift on pressure. 

Her results are: by method (1)t4 3 	4.4 	0-7y sec*. 

t2•48  -' 0.5 ysece. 

	

by method (2) t 43 	4.1 - 0.9 ysecs. 

0.6 x 

Macfarlane's value for the 2349 =71 (4.3,p ) 
band is t = 7.6 ± 0.5 ysecs., 

longer than those of Slobodskaya. Assueing that both experimental techniques 

are adequate, the discrepancy may be caused by difference, in gas purity. No 

details of gas purification are given in Slobod.kaya's  paper and water is 

known to be extremely efficient at deactivating CO2. 
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The alternative approach adopted by Decius is to study the variation 

Of signal  emplituds with frequency. Woodmansee and Decius (23) reported the 

use of this method to measure the relation time of carbon monoxide. But 

their measurements were also complicated by the presence of a resonance in 

the cell. Redesign of the cell removed the resonance and relaxation in the 

CR4, CR3D, CH 2D2and  CRD3  series has been studied(45). 

All spsctrophone techniques have given collisional relaxation times 

for CO which are much too short. Theoretical calculations, high temperature 

measurements, and )U114 kn  s low temperature work all indicate that at room 

temperature the collisional relaxation time is so long that CO should fluoresce 

and one would therefore expect littie or no spectrophon. si.gzal. The very 

fact that previous workers were able to measure the collisional relaxation 

time in a spectrophone probably means that their CO contained Impurities 

which greatly shortened the relaxation time. A simple spectrophons was 

therefore designed to show that, if very pure, CO did give no optic acoustic 

signal. 
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Chapter Three 

THE VIBRATIONAL RELALkTION OF CARBON MONOXIDE 

3.1 Introduction: 

Early measurements of the vibrationsl relaxation time of carbon 

monoxide are inaccurate b.cause the investigators did not realise the extrese 

importance of Impurity effects in thiB gas. This applies particularly to 

the early low temperature work of van itterb.ck and Mari.us (46) and Bender (47). 

&i.rr.t and Griffith. (48), using an ultrasonic interferometer under conditions 

far from ideal for this technique, obtained T = lOys independent of 

temperature between 1073 and 12730K. In the light of later work this must 

be wrong. 

More recently, the relaxation time of carbon monoxide has been 

studied by Windsor, Davidson and Taylor (49) who observed the rate of increase 

of infra-red emission behind reflected shock waves. At high temperatures, 

where the collisional relaxation time is short, the effect of Impurities is 

not nearly so great as at room temperature. Hence the results of shock tube 

work are quite reliable if the technique used is adequate. The discrepancy 

between the results of Windsor, Davidson and Taylor and those of later workers 

probably arises from their use of reflected shocks. This makes the calculation 

of shocked gas conditions difficult and the method they adopt - based on an 

incident, unrelax.d reflected shock - gives an upper limit to the attainable 

shocked gas temperature. Matthews (50) has determined the relaxation time by 

following density changes behind incident shock waves, and 0adon and Hurl. (15) 

used a sodium line reversal technique. The latest high tsmp.rature result. 

of Hooker and MflHkan (17) agree well with those of Matthews and Ga'don and 

Hurls (see Fig. 5). A plot of the logarithm of the relaxation time against 

is a straight line as predicted by the basic Landau-Teller theory. 
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The solid line in Fig. 5 is fitted to the data of Matthews, and Hooker and 

Millikan and if extrapolated to room temperature indicates a relaxation time 

of 5  sees. 

The relaxation time of carbon monoxide has been calculated by Dickens 

and Ripnti between 340 	30Q0  and is in excellent agreement with 

experimental results (51). The calculated results are plotted in P'ig.6 and 

also indicate a relaxation time of the order of seconds at room temperature. 

These predictions are confirmed by M4114kmts fluorescence work 

which was discussed in Chapter ti. McCaa and WA 114  w have also studied 

the vibrational fluorescence of carbon monoxide using a radiation chopping 

technique (52). They found results in agreement with 1(4 111k.n  mid evidence 

supporting a st.iise degradation of the V 2 level. However, their 

carbon menoxide was not pure enough to allow them to deteiine the relaxation 

time accurately. 

3.2 Ex  perimental :  

The Sp.ctroons: The spectrophone (Fig.?) is made of brass In two parts 

vacum sealed by means of a Titon tot ring. A tMelinext diaphragm (30 gauge) 

netai1i sed on one side 1s clamped between two brass rings screwed to the cell 

over an adjustable tensioning ring. The position of the backplate 1s also 

adjustable for maxhm sensitivity. The pressure in the cell equilibrates 

through leaks of a long time constant across the diaphrsga,tensioning ring, 

and backplate. The absorption cell is a cylinder 2.5 em. in diameter and 

2 em. long with calcitsi alus.irate glass windows. (Barr and Shroud Type B339) 

sealed to both ends with Viton ,0' rings. A metal needle valve connects 

the cell to a conventional high vacum system (Fig. 8) and in closed during 

runs to give acoustic isolation of the cell. In order to reduce dsgassing 

from the cell malls the spsctrophone can be baked to 120°C. 



FIG 	SPECTROPHONE CELL 

W-f phrgm 

o eecftoncs 

,s metal 

ptafe 

FULL SCALE 



FIG. 8 	GAS HANDL}NG SYSTEM 

srorge gIoeS 

Flexib!e coil—  - 

Gftss mc11 sct 

Sp e  cfrdphone cell 

lonisahon gauge / 

X: raps 

. 	manOm1 

Hg mnome(er- 

Hr 
Fican 
cJaU(]e 

Hg pump 	 jrorY pump 

tcking globe 

Prprahofl line 

backing  

1 

globe 

'4- 

backing globe 

capillary 

19 



-16- 

Optical System and Electronics: Pig. 9. Infra-red radiation from a Nernst 

filament 1s focussed by a front silvered mirror, through a modulating disc 

into the cell. 

Variations in capacity of the microphone caused by the acoustic 

pressure frequency modulate a 10.7 Me/a oscillator at the chopping frequency. 

The output, monitored by a conventional frequency-modulated ratio detector, 

is preamplified and fed to a selective amplifier of 2.5 mv. full scale 

sensitivity. In later runs this was increased by 50 pv. full scale sensitivity. 

The d.c. output from the detector 1s used to give an indication of diapbrai 

position 'while filling and emptying the cell. 

The sensitivity of the entire system could be checked at any time 

by noting the signal from a standard pressure of WO. 

Materials 	Carbon monoxide ms obtained from a cylinder (I .0 .1. Limited). 

Mass spectrometer analysis indicated small amounts of CO 2  and H20. The gas 

s further purified by passage through several cold trap. at -1960C., one 

containing pellets of altmdna (20), and dried over P20 5 . 

3.3 Results: 

The first object was to show that pure CO gave little or no optic 

acoustic signal. The cell was filled with CO to a pressure of 40 ems Mg 

and at a chopping frequency of 140 c/o with the selective amplified at 2.5 MV. 

sensitivity no signal could be observed for 5 hours after filling the cell. 

The signal then rose toa steady value over a period of 40 hours. It seamed 

probable that this rise van caused by impurity molecules desorbing from the 

cell 'walls, and shortening the collisional relaxation time. To test this 

the cell was baked at 120°C. for 40 hours. The pressure fell from 3 x 10 

to 3 x lO torr, and the pressure rise frcm 2 x 10 torr per hour to 4 x 1074  

per hour. lien the cell was filled with CO as before the signal had not 

reached a steady value after 140 hours, confirming the above hypothesis. 

Hereafter the cell was baked before each experiment. 
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Now, even in pure CO a little vibrational energy will .till be lost 

by collision, the wet anount depending on the relative rates of the 

collisional and radiative processes. Increasing the sensitivity of the 

Vat= ambled the goall signal con.spoHraj to this energy loss to be 

detected. Hydrogen, which is known to be efficient at d.-exciting CO was 

allowed to diffuse into the cell. (o.H 10 sees. at rock t.&p. - see 

ref. 20). The rate of the collision process increased until all the absorbed 

energy we transferred by collision, and the speetro*ione signal rose to a 

- maxims. 

The Initial signal is proportional to the energy lost by collision 

in pure CO: i.e. it is proportional to fn1  h 	$c 	ca , .re 

is the transition probability per solecule per second for the 1-0 process, 

is1  is the nisb.r of vibratiolly e=ited wlscules per unit vol.,) 

is the vibration frequency, and h is Planck's constant (36). Asssing that 

the radiation density ruLl via constant and that the added H2  ( -s lo%) does 

not affect the absorption process, i.e* that n1  rains unchanged, then the 

final signa1 is proportional to the total energy loss in pure CO by collision 

and radiation. This is given by (f + A) n1h .) , ithers A 	I/ -C red3.0 

is the Einstein coefficient for spontaneous emission and t red is the radiative 

lifetime. Since f f10 	V' tCQCO (7), then 

initial  ejgpAj 	 14 't  CO. CO 
3.1 

final signal 	 + 1/t 

being the collisional reltion time in pure CO. The radiative 

lifetime can be csloul*t,d from avalli) ].e acasuriments of the total absorption 

intensity of the vibration rotation band, and hence 'rCO.CO can be obtained. 
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Calculations of Radiative Lifetimes from Absorption Intensities: 

A convenient formula for the calculation of radiative lifetimes from 

absorption intensities is derived by Penner (53). He shows that the integrated 

absorption 8lo  for the transition from a lower quantua state 1 to an upper 

state u is given by 

c 	
11 3lu 	- 	 Aui u [i - exp (- 	lu)] 	 3.2 

o is the velocity of light, lu  the frequency for the transition, P5 the 

niber of molecules in the lower quantuR state, p the partial pressure of 

the absorber, Aul  the Einstein coefficient for spontaneous emission, ç and 

gi  the degeneracies of the two states and k is the Boltemsnn constant. 

If h " kT then the contribution from the induced emission term 

can be neglected and 3.2 written 

 Au 
lu 	'ul Ill 

For an ideal gas at S.T.P. values of SloiflC2  atm71 

converted to Aul  in the case where nearly all the molecules are in the ground 

state,arxi 	g1, by noting that 

N1 	6.0247 x lo 23 
p 	82.056 x 273.16 

giving 51u 3.210x10 	Aul/ U 	 3.3 

810  for carbon monoxids has been found by Benedict, Herman, )(oore and 

Silverman (54)  to be 235.6 ca 2  atm 1 9  agreeing well with the result, of 

earlier workers. Using equation 3.3 T rad  l/A. is found to be 0.033 sees. 

(since hi)/kT>>l contributions to Zrad from the radiation field can be ignored). 

At a pressure of 39 cm Hg the initial signal from pure CO 'a 15 frY 

rising to a final signal of 780 ,pv. This gives a relaxation time for pure 

1. at 	tcpirat.iire and ne or 
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Collisional relaxation time are inversely proportional to pressure. 

To teat the experimental method the meuuremnt we repeated at two pressure., 

the same gas sample being used for each measurement in order to minimise 

slight differences in purity. The initial signs], at 40 ems was found and 

the pressure reduced an rapidly as possible to find the initial signal at 

	

20 em.. 	The 	fins], signals at both pressures were then measured. The 

results are shown In Table I. 

From the Agures at 40 cm and the final signal at 20 Cu, the 

initial signal expected at 20 ems is 1ci, Instead of the experimental value 

of 20v . 	However, this discrepancy I. easily accounted for by impurity 

desorbinr, from the cell walls during the time taken to lower the pressure 

from 40 cm.. to 20 cm.. 

Table  1. 

5p.otroione signals fztcm Carbon )Iorx,xjde 

Chopping frequency 140 c/sec. 

 
- 

 

	

I°r 	 Ii4$41 

	

20 	 20 	 460 

	

40 	 30 	 760 

To investigate the effect, of impurity in more detail measurement. 

were made on a sample of CO left in the cell for 90 hours. The results are 

shown in Fig • 10 • The theoretical curve was calculated using the equation 

for the relaxation time of the mixture: 

1 /Z mixture = 1 - XB /T CO.  CO + XB /t CO.  B 

B is the Impurity moUcule t  probably water, and 118  its meletaaction. It was 

a,,ed that B was d..orblng from the walls at a steady rate - taken as the 

degassing rats in the empty cell - and a relax*tion time of 'tCo.B = 1z10 cece 

gave the best fit of the calculated line to .zperimental points. 
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This compares well with Milllkants finding that a few p.p.m. of water quenched 

the fluorescence of C0.(20)' 

3.4 	Discussion: 

The value obtained here is a lower 1h4t  to the true relaxation 

time in pure CO; difficulties with gas parity in a static systen mean that 

the initial signal represents an upper 111t to the signal due to CO.CO 

collisions since imparity reduces the relaxation time and more energy is 

therefore lost by collision than In pure CO. All measurcmients were carried 

out at chopping frequencies greater than 70 0/sec. so  that it is unlikely that 

energy loss to the wells 'will be significant (7). This is confirmed by 

MaCas and W4fl1.  (52) who observed fluorescence from CO at apprcx1matei.y 

the uw pressure, using a modulation frequency of only 13 c/s.c. 

The main source of error in this experiment, apart from impurity, 

is reabsorption of the resonance fluorescence. This has been studied in 

some detail for CO by Henry and Dcenette (55, 56). They investigated the 

variation of the rs&lative relaxation time, 't red, with gas pressure and 

cell diameter and their results are shown in Figs. 11 and 12. Above 3u0 torr 

they found that 'C red became independent of pressure and varied with th 

square root of the cell dimensions. Using the dimensions of the present cell 

a 't rad 0.15 sees. is deduced instead of the calculated 'Cred 0.033 secs., 

givin' co0 4sece. This is.in good a.eient with the extrapolation of 

high temperature shock tube data (Fig. 5) and theoretical prediction Fig. 6. 

The agreenent between experimental and theoretical curves in Fig. 10 is reasonable 

considering the aa.pti.ons involved and it saphasises the extreme efficiency 

of polyatomic molecules as collision partners for CO. 

This apparatus can be used to study the relaxation of other molecules 

with relaxation time so long that they cannot be measured ultrasonically, or 

with the phase difference spectrophon.. The hydrogen halides sr. just such 

molecules. 
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4.1 	Introdu.ationi 

Very littie is krioim about the vibrational relmtion of the )qdrogen 

and deuterium )al 1 des. Borrell (57) has studied infra-red emission from 

shook-heated HC1 and HBr and found that their re].amatiou times are several 

orders of magnitude shorter than theory predicts. Chow and Green. (5) 

obtained sJullai. result. for HI • This large discrepancy between theory and 

experiment is greater than arq pre'Tiousi7 found for diatomic molecules. It 

is therefore Important to know the relation time of theee molecules and 

their d.uterides at lower t.mp.ratinee. But their vibration frequencies 

are high ( > 2000 an) and prevent the use of the ultrasonic interferometer; 

nor can the phase difference spectvoone be used. The simple theory for 

the rMee difference speotrroiIons predicts the relation 

tanot/p 	 4.1 

between the jIia.e lag O l  and the relaxation time t • p is the pressure In 

atmospheres and L3 the modulation frequency in radians per second. In a 

study of CO2-N2  mixtures Macfarlane found that at high 12 concentrations 

the simple tangential relationh1p no longer held (40, 42). The theory 

imvlves the assumption that the rate of energy transfer from vibration to 

translation (o.) is much faster than the rate of wiergy loss to the cell wells 

(113). In CO242  mixtures at high N2  concentration oC becomes very =&U 

and the theoretical relationship breaks down.  This is illustrated in Pig.13 9  

where we can see that at low prawn'.. (o becoming very =,*LU) the .xperimental 

points deviate markedly from the theoretical lines. Thus this speotrophone 

could not be used to measure reltion times greater  than  bOys at atmospheric 

pressure. The range could possibly be extended by increasing the modulation 
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distance, for vhich the Krieger potential is zsrc, and y is the dipole 

aca.ntof the molecule. Ws then have (51) 

- (42))/)113 	 4.5 

and 	o.. = (lnY)/rA - 	 4.6 

wh.r. 	F 

ois obtained by iterative solution of 4.4 and 4.5. 

Potential constants of the Krieger potential for HU and HBr are 

given by Konchick and Msaon (59). 	The calculated oL vain., are shown in 

Table 2. 

Table 2  

Pot.nti4 Constants and derived values for W1 and Mr. 

Molecule 	y(d.bye) 	 - (_ 	(°x) OC 

HC1 	1.0 	0.34 	0.36 	328 	5.84 

HBr 	0.80 	0.14 	3.41 	471 	5.90 

It was assid that S... for the deuterides vae the some as for the 

hydrides - i.e. that substituting a d.uteriia at= did not signiticant37 

chugs the shape of the intennolecular potential. This has recently 

received experimental oonfimation from a molecular b.m experiment in 

which the scattering of HBr and DUr by potassim urn. studied (66). 

When the above o(.. values were substituted in equations ,  4.2 the following 

relaxation time were obtained. 



!a. 1 LU 3 

çpi$,onal ReUxation Time of RC1, DC1RBr and Dp 

at 290°K and atsoshsric eu'u.e 

Molecule 	9 (ee0 1) m(g) -C (Baca) - 

MCi 	8.631x 10 3,052x1 5.84x 108 6.5 

DU 	6.271x1013  3.136z1 23  5.84z108  1.6z1 2  

HBr 	7.672z1013  6.755z]3 5.90x108  

wr 	5.518x1013 
 6,858x1 5.90x108  1.4x103  

The predicted rs1ation times are very long this to the combination 

of large mess and high vibz*tion frequency in the.. molecules. This is 

particularly noticeable in the case of HBr. A 8(l* effect has been 

found in the calculation of the relaxation time Of AsH 3  (11). 

4.3 	Ra'list4v. Lifetimes of BC].. HBr, DC]. and DBr. 

The absorption intensities of El and DC]. imr measured by Benedict, 

Herman, Moor. and Silverman (60). That of }1Bi has been measured by Penner 

MA Weber (61), and by Bsbrov (62). The sore recent value of Babrov is used 

hers. The absorption intensity of DBr has not been measured but 1s calculated 

roughly from the known intensities of the other gases. Radiative lifetimes 

were derived from absorption Intensities as before. (Table 4). 

Ra4tstiys Lifetimes of MCi }lBr and Dcl. 

Joleoul. 	)(m_1 	s01 
-2-1 	 rkd (w)at 

MCi 2886 130 0.03 

EC1 2091 66.6 0.12 
HBr 2560 35.8 0.15 
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Radiative Ufetla. of DBp: 

Although the absorption intensity of DBr has not been measured, it 

is possible to obtain an app'ox!aate value if one assumes that the shape of 

the dipole moment function 1. the M0 U that of Mr. To check the accuracy 

of the calculation radiative lifetimes of RC1, DC1 and HBr were calculated in 

the same vay. 

For a 1-S0 transition a linear approximation to the dipole moment 

function is adequate (60) i.e. 

N 	)f+ M1 (r-re) 	 4.7 

is the permanent dipole ment, and r5  the equilibriva internuclear 

distance. Using this approxiaation the matrix element for the transition 

is shown to be (53) 

I B 	= M(n + 1)/2o4 nl,n1 

= q(n + 1)B0r/30 	 48 

with 	2c =3/r2  
e 	ee 49 

Be =h/871 2c m r 4.10 

N1  being the reduced mass and i3e  and Be  have their normal spectroscopic 

meaning. 

Thus wit' P 	K014W1 r. 

N2  B/62u) 	
4.11 

I RI.,l 	s calculated from this expression and compared with experimental 

results. 
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Table 5  

Comparison of Theoretical and Eg2rimental Matrix Ela,aenti 

for the 1-0 transitions in HC1, DC1. HBr and DBr. 2 R 1 	zpt. 

, ?4(deby.) 5 m) (cm) e - R0'ca1c. R 1 	IR O2  ca]c. 

RC1 1.050 10.59 2990 0.988 4.00 x 153  449 x 153(a) 1.12 

DC]. 1.085 5.445 2091 0.988 3.15 x 	" 3.17 	" 	 (a) 1.01 

HBr 0.80 8.473 2650 0.120 1.42 	" 1.3 	I' 	 (b) 0.97 

Eer 083 4.291 1885 0120* 1.09 

* assuned. 

is!. (60) 

ref. (62) 

641 T 4 31 plo  1 
2 = Now 	

3hc3
Md 

Substituting the above values for I Ra we  obtain the following predictions 

for A. 

Table 6, 

Einstein Coefficients for spontaneous emission of lid, DC1II IIBi and DBr 

o i.o (.xpt) aft-1  A 	(ca1c)/A 	(pt) 
Molecule 

EC]. 30.6 33.86 0.89 
DU 9.10 9.10 1.0 

Or 7.4 7.2 1.03 
DBr 2.2 

The radiative lifetime of DBr is therefore approximately 0 • 5 sec.. 

The determination of collisional reliation times by the present method depends 

on the completion between the two processes. 

DBr* - 	DBr + h)) 	 (1) 

and 	DBr* + DBr - DBr + DBr + kinetic energy (y 



The range which can be studied is determined by the absorption 

intensity of the gas and the relative rates of (1) and (2). If the rate of 

(1) is slow compared with (2) then most of the energy is transferred by 

collision anywey and no rise in signal can be detected in the speotrophone 

with the addition of a more efficient collision partner. By lowering the 

pressure the relative rates of the two processes can be altered. But the 

extent to which the pressure may be lowered in limited by the difficulty of 

detecting any signal at all at low pressures. 

Since DBr has a long radiative lifetime compared with the collisional 

lifetime s  its collisional relaxation cannot be steited by this method. 

4.4 	Bxperimentalt 

The speotro phone and experimental arrangement wer. the same as 

those for CO except that a General Radio Company Tuned Amplifier and Null 

Detector Type 1232A was used for final amplification of the signal. frequent 

replacement of the Melinex diaphragm was necessary in theae experiments 

because the halides slowly attacked the a1iminizn coating. 

Materials: Hydrogen chloride was prepared in two ways: from NH 4C1 and 

H 2SO40 and by reaching cone • HC1 with conc. H 2SO4. In both cases the gas was 

dried with H2SO4  and P20 5 , condensed at -196°C 9  degassed and distilled into 

the spectrophone. Hydrogen bromide was obtained from a cylinder (Matheson 

Co. Ltd., minimum purity 99.8%), dried oier P205  and further purified as 

was HCl. 

Some trouble was experienced in obtaining pure deuterium chloride. 

At first it was prepared by dropping D20 on hot b.nzoyl chloride. The 

evolving gas was passed through a trap at 0 °C, collected at -1960C, degassed 

and dried over P205.  lutz's-red analysis revealed that the resulting sample 

of DU contained approximately 20% MCi. This was despite baking the gas 

line before reaetinn. A more satisfactory preparation appeared to be the 
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reaction of D20 with Sic14  at -80°C. (63). The gas was collected at -196°C 9  

d.gaased and distilled at -120°C. 	However, it again contained 10-20% 

Nd,which may have originated from in exchange mechanism with water 

absorbed on the wall s of the generating system, despite the precautions 

taken to e1tln.&te such contamination. This idea was confirmed when the 

percentage of NC1 fell with continued preparation in the was vessel. Other 

workers have found siiU&r effects (65). In later runs DU was obtained 

from a cylinder (Merck, Sharpe and Dohme). Even then it was necessary to 

"deut.rate" the gas line before pure DU could be obtained. This was 

simply done by filling the line with Dcl, leaving it for some time, pomping 

the gas away and repeating the process until the percentage of NCl decreased. 

A fresh sample of DC1 was used for each experiment. 

4.5 	Results: 

A carefully purified gas sample was allowed to diffuse, as rapidly 

as possible, into the baked, degassed spatrophone and the initial signal 

found. After several hours in the cell the signal had risen to a steady 

value. As with CO this rise is caused by impurity dssorbing from the cell 

walls and shortening the relaxation time until all the absorbed energy is 

lost by collision. The curve of signa] amplitnde against time (Pi.g.14) is 

of the same shape as that for CO. Xeasurea.ntson mixtures ofHC1 and 

E2  (10%) that would be expected to have short relaxation times showed no 

such rise, indicating that it is not caused by effects unrelated to 

re1tytion, such as attack on the microphone diaphragm. 

From the initial and final signals the relaxation times (t) were 

calculated as before: 

initial si4nal 	= 	l/t 
final signal 	l/'t + l/trad 	

4.12 
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For each gas measurements were carried out over a range of pressures. 

The results for HC]. are shown in Table 7 and a plot of relaxation time 

against ljpressure in Fig. 15. At atmospheric pressure the relaxation time 

in 1.1 X 
10-2  Saco* 

Table 7. 

Ruerimental Relaxation Times for HC1. 

(cm Hg) • 	 Rr?r. initIg ii cpV)tiYt&2.*al fx1 	rJ.eos) 

57 240 600 900 1.6x1 2  

39 79 1180 2160 2.6x1 2  

26.5 240 600 1260 

25 240 600 1200 3.2x1 2  

8.8 240 120 420 8.0 X 
132 

The results for HEr are given in Table 8 and Jig. 16. The 

relaxation time at one atmosphere 1 1.5 x l sec.. 

Table 8, 

Experimental Relaxation Times for Mr. 

• 	1n Hg) initial 'I  (VV) 	final Alma!, r  (i&") .'i 02)r 

11.6 240 	 350 380 2.0x12 

7.2 480 550 2.2 x 152 

5.6 140 220 2.4x1ö2  

2.2 170 240 6.2 x 153 

1.6 70 100 6.3 x 1703 

The results for DU are shown in Table 9. There is a large scatter 

of ve].us, a1,.t certainly due to m all but varying amounts of HC1 in the 

Maples of Dcl. The points are plotted in Fig. (15), along with those for Rd. 

The relaxation time at one atmosphere 1s approximately 1 x 
132 	, 



F  G 16 	VIBRATIONAL RELAXATION TIME OF Nr AS A 	FUNCTION OF PRESSURE 
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Table 9. 

per1mental Relaxation Time of Dcl. 

P (cm }1g) L) (c,p.$) initial signal (yv) 	final signal (p ) 	 ' 	 (sees) 

23 240 6o0 900 6x132  

14.5 140 800 1500 10.5 x 152 

11.0 140 700 1200 8.5 	162 

11.05 240 400 570 5.1 x 162 

9.95 240 250 350 5.0 x 162 

50 80 550 9175  12 1 162  

4.6 	Discussion: 

The above relaxation times must be regarded as shorter limits to the 

true relaxation time.. Small traces of impurity - with such long relaxation 

time even a few p.p.m. of water can have a considerable effect - and reabsorption 

of the resonance fluorescence both shorten the measured relaxation tine. The 

first of these effects is most Important at low pressures and the second at 

high pressures. However, apart from DU - where the purity problem is most 

acute - the plots of relaxation time against 1/pressure  are fairly good straight 

Lines, indicating that Impurity effects have probably been largely overcome. 

Also reabsorption of the resonance fluorescence will be less important in HC1 

and HBr than in CO because the pressures used are lower and the collisional 

relaxation time are shorter. btperimental and theoretical relaxation times 

(from Table  3) are  compared  in Table 10. It can be seen that the discrepancy 

between theory and experiment is far greater than experimental error. 
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Table 10. 

Criaon of experimental and theoretical relaxation times 

for RC1 1  DC1 and HBr. 

)(olecul.e 	t theor, (secs.) 	Tent. (sec.) 	ttheor./ I exptl, 

HC1 	 6.5 	 1.1 X 
162

596 

DC1 	 1.6x1 2 	1x1 2 	 1.6 

HBr 	 5.1z104 	1.5x& 	 3.4x10'7  

While the relaxation time for flCl is very nearly correct, those for 

HC1 and Ir are much too long. The same theory, however, gives very good 

results for other diatomic molecules with long relaxation times such as 

0 
29 

N2  and CO. It therefore asens probable that vibrationsl energy in the 

hydrogen halides in transferred by some mechanim other than direct vibration-

translation energy transfer. This mechanism might be vibration-rotation 

energy transfer, as suggested by Cottrell and Matheson (9) and the possibility 

of vibration-rotation energy transfer is discussed in detail in the next. 

chapter. 

Results for the 3-0 transition in IIC1 have recently been obtained by 

Borreil and Gutteride (18). The v 3 band of HC1 mould be expected to relax 

rapidly to the v 'l level by resonance collisions of the type. 

HC1 (v 3) + ad (v a) 	> HC1 (v = 2) + HC1(v = 1) 

HC1 (V 2) + HC1 (v = o) 	> HC1 (v 1) + Rdl(v = 1) 

so that the 3-0 relaxation time should be effectively that of the 1-0 process 

,which will be much slower than the resonance processes • The two sets of results 

can therefore be directly compared. Fig (15) shows the present result, those 

of BorreU and Gutt.rI.dg., and the approximate results for the 1-0 process 

obtained by Borrell. 	The temperature dependence 1s very different from that 

predicted by vibration-translation theory. This will be discussed in the next 

chapter. 
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Chapter Five 

i: 	(i 	:vi LA!) 	' 

5.1 	Introduction: 

The relaxation times of most diatomic and heavy atom po]yatomic molecules 

can be satisfactorily explained in term. of vibration-translation energy transfer 

(697). Lambert and Salter (8) showed that there is a correlation between the 

miuber of collisions required for vibrational deaotivtion Z, and the 

fundenental 

 

vibration frequency of the molecule, 9 min. However, the picture 

is not a simple one. They were able to distinguish two classes of ccmpounth 

heavy atom polyatcmics lay on a straight line represented by 

1091 z10 	7.3 x 133  i) mi.n(ci1), 

VA those containing two or more hydrogen atoms lay on the line whose equation is 

log10Z10 	3.7 z l& ') min(ci1) 	 (64) 

Molecules containing one hydrogen atom lay between the two lines. This effect 

could not be explained at the time and the situation was further complicated 

when more recent data, •spealLl Iy  on deuterated molecules, led to a large 

spread of points rather than to straight lines. 

A possible .rp3.&nation appeared when Cottrell and co-workers measured 

the rel ktion times of a series of dsuterides and hydrides and found that, 

contrary to the predictions of vibration-translation theory, the hydrides 

relaxed more rapidly than their deuterat,.d Anaingues (99 10, U). On the 

basis of simple theory the Cightly greater mess of the deuteride leads to a 

slower relative translational velocity and hence a slightly longer relaxation 

time for the deuteride than for the hydride. But this is outweighed by the 

lower fundamental vibration frequency of the deut.ride which results in an 

increased probability of energy transfer and hence a shorter relaxation time. 
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Refinements can be aide to the vibration-translation theory but in no ci.e 

has it been successful in explaining the relative relaxation times of bydzide 

acleculss and their corresponding dsuteri4.s. 

Cottrell suggested that in molecules with low wsnts of inertia, and 

therefore high rotational velocity, vibrational energy asy be trsnsf.rr.d 

into rotation rather than into translation. Rotation - translation energy 

transfer is then rapid. Qualitatively since the hydrides have a lower 

w,a"nt of inertia and higher rotational velocity than the deuterides it is 

possible, in this theory, that they could have shorter relaxation time than 

the deuterides. A simple calculation showed that vibration-rotation theory 

can account for the observed relative vibrational ,emtion times of the 

)qdrides and d.ut.ridss of element, in group. 4 and 5. The model adopted 

is sham below: 

Model for vibration rotation en.r transfer 

The force causing the interaction was a.si,d to arise between the 

p.richeral atom of the rotator and the atom moving in the vibration. It is  

therefore a function of the distance p. d is the radius of the rotator and 

R the distance between the centre of the rotator and the equillbrim position 

of the vibrator. The rotator mikes an angle e with the line of centres and 

the displacement I of the vibrator is it right angle, to this line. The 

probability of de-excitation of the vibrator was calculated using time 

dependent perturbation theory. 
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The calculated ratios are shown in Table 11. 

!.!ble U 
Ratios of Reduced _Relaxation Times for Lowest Mode for 

deuterides and hydrides (10) 

rot 

Vib-Trans 

CD4, CH 1.  1.7 0.58 1.7 	(8) 

SID4, SIF, 1.5* 0.25 1.5 	(8) 

P13 	P11  1.5 .13 1.5 	(9) 

LeD3 . ASH, 1.2 0.04 0.6 	(10) 

* interpolated. 

The vibration-rotation ratios agree raiiaxicabLy well with experimental 

values. However, these results must be treated with some caution. Absolute 

values calculated using this theory are very,  many order, of magnitude too 

short, and the excellent agreement obtained In the ratios may be fortuitous. 

Another consequence of vibration-rotation theory becomes apparent in 

the dependence of the relaxation time on molecular weight. According to the 

standard theory of vibrational energy transfer the probability of transfer 

depends on the extent to which the vibrational period and the duration of the 

encounter are matched. Because typical vibration periods ere so short 

(3 x  1514  secs. for a 1060 =71  vibration frequency) the rare high velocity 
collisions are mainly responsible for energy transfer. 	Therefore in two  

molecules with similar modes of vibration and vibration frequenciee,but 

different molecular weights the probability of energy transfer in the heavier 

gas will be very much less than in the lighter gas which has higher average 

translational velocity. 	However, in vibration rotation transfer the relative 

probabilities should depend on the rotational velocity, and hence the moment of 

inertia, rather than on the translational velocity and molecular weight. 
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Cottrell St al compared the relaxation time, of PH 3  and AsH 3 , (Table 12) 

whose moments of inertia are similar. 

Table 12. 

Molecular Parameters and Relaxation Time Of PH3  and AsH3 . 

AsH3 	PH3  

lowest vibration frequency (ca) 	906 	992 

form of vibration bending bending 

I - Hdistsnce(A) 1.42 1.50 

Molecular weight 34 78 

boiling point -87 -55 

The vibration frequencies are close and the intermolecular forces are probably 

similift  as shown by the boiling points. 

Relaxation Times: 
Tib-trans • Vib-Rot. Upt. 

1AsH3  1/3 w3  150 1 1.5 

Again vibration-rotation theory sea to give better agreement with experiment. 

Recently Moore correlated all the available data on vibrational 

relaxation in molecule, with =all wnts of inertia (13) and his treatment 

will be followed her.. He derived an explicit expression for the dependence 

of the probability of vibration-rotation energy transfer on molecular constants 

using a simple model of a peripheral atom, distance d from the centre of 

mass of the rotator, colliding with an atom of the stationary vibrating molecule. 

Model for vibration-rotation energy transfer 

A 

rotator 	 r -AR 

R o +L R  vi br1 or 

centre of mass 
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Several asmiptiona are made: that the translational velocity is 

slow compared with the rotational velocity, that only one rotational degree 

is considered, and that only head-on col) I stone with the rotational velocity 

parallel to the vibrational normal coordinate need be considered. It is 

assiaasd that the potential interaction between A and P effecting transfer 

is represented by 

V Ye .xp( - OCR) (l +oti R) 
	

5.1 

where A R is the vibrational displacement, and r the distance between the 

colliding atoms with A R 0. The rate of change of distance between atoms 

A and B is t3d,b.ing the angular frequency of the rotator. 

Using send-classical time-dependent perturbation theory Cottrell and 

MeCoubrey (7) derive the following expression for the transition probability 

for vibration-translation energy transfer: 

'lO 	ho414 	exp 	0Ly 

The probability of vibration-rotation energy transfer in obtained by 

substituting (d) for the relative translational velocity v, and (1/d 2) 

for the reduced mass, m, in the above equation. I is the wment of 

inertia of the rotator and )( the reduced mass of the vibrational normal 

coordinate • Hence for vibration rotation energy transfer 

	

4 2 	 2 
PlO 	ho1(d4 	 c,1,.iDd ) 	 5.2 

and averaging over the thermal distribution of rotational velocity 

4()' 
	

/ _, ___ 
kT 	 2kT / 



gives 

pl= 
1 

1 0 

dN(u) 
io 	N 

32 Ti e' (211) 
1/16 

J3 
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142 
3 1]3/6 	4/3 	 12 

- d'3/3 ()V6 M ()7t3 
	

[ 

11S 

do 

5.4 

The change in velocity- due to an increase of rotational energy h' during 

collision has been neglected. When this is accounted for, and when a 

steric factor Zo, greater than one is included to take account of non- 

linear collisions, equation 5.4 becomes 

13/6 	4/3 	•) 	

[ 	
1-  , 2 	 [.7194i)l

OKPO 
Z0 	

T 	w(c(.) 
1/6 	7/3 	 d(, T ? 	

O 
2 2 	 j J  

5.5 

Frog equation 5.59 the radial velocity fOr which energy transfer is most 

probable is given by 

(ud) 	
( 4Tik))T d 

= 0.995 x 304 	(_ 
	molecular units 	5.6

oCT 

and the optimn initial angular imamentum quantum number 

2111wt  0.157 (_L_ ) T 	molecular units 
b 	 doC 	

5.7 

In Table 13 the most probable rotational velocities for energy transfer 

( ) de) are ccpsred with the average translational velocities for the 

hydrogen and d*uterim halides • For cpsrisou the figures for a few other 

molecules in which vibration-rotation energy transfer is important are included. 



Table ]3. 

Rotational velocities and energies for vibration-otation ener gy . transfer 

Xol.cul. 	(jd)* 	 if* 	Jj* 	2B if* 

x1 5 cmse 	 c 71  

HC1 6.5 	0.42 13 21 	270 445 

HBr 6.1 	0.28 14 22 	237 373 

DC1 4.6 	0.41 	18.19 27 	196-206 294 

DBr 4.43 	0.28 20 29 	170 246 

HI 6.15 	0.16 15 24 	196 314 

CH4  3.4 	0.63 17 23 	178 242 

ID  2.0 	056 24 31 	127 164 

aui4  3.0 	0.48 20 27 	115 155 

ire, ( 

	K 	is the 7TX average translational velocity. 

( 

2TrI,) 	
) 	is the rotational quantm nber for which 

Mod ) dN((J) is a 

J (j* 	1 /B ) 	
is the rotational quautt 	niaber after 

vibrational energy transfer. 

B 	is the rotational constant in 

The ratio of (d )* to the average translational velocity in the 

halides ranges from 38 for HItoll for DCl. Itisas low  ae3 for CD4  

and for the bulk of molecules considered by Moore is near 5. Thus the error 

caused by neglect of translational notion in the halides will be relatively 

11 • A more serious error is likely to be caused here by the large 

rotational energy spacing of the halides; as such as half of the energy 
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separating successive rotational levels must be transferred to translation 

and the larger this ensr' is the mmaller the transition probabi1it7. To 

account for this a translational factor should be included in equation 5.2. 

However using the simple theory only, the expected collision numbers at 

room temperature for HC1, DC1 and HBr were calculated. 

5.2 	Vibration-Rotation Energy Transfer in the hydrogen and deuterium halides, 

The collision numbers of Zio for HC1 9  1)Cl and HBr were calculated 

from the expressions (frost ref. 13) 

1 	exp -1.78( 0,2  
zic 	

- 	 5. T 

	

 
17.1 I 13/6 
	

[1.7a 
f i2 

z 	z I 13/3 1/6 	773 
exp - 

	
d2 2  T j J 10 	0 	Ld T M(o() 	- 

5.9 

and from equation 5.5 

Moore found that a plot of 

log 	210 (exp0 against 	 ) 
d2 c 2  T 

gave an order of msnftude fit with a straight line whom slops corresponded 

to 	o'.= .O4 r', andc13. 

£ plot of 

log Z10(expt.) 17.1 I13/6y3 
4- 	 2 

	

1113'3 1/6  7/3 	d20(2 
T M(o() 	 T  

gave a straight line for which the best parsaeters were 

3801_i 	and Zc"2 6.75 



Z10 sipti. 

6.4 x 103  (b) 

1.25 x ).O  

1.33 x ]O  

5.4 x  10  (a) 
5 

1.08z10 (a) 

5.11 x 10 () 

4.87 x 10 (a) 

log1  Zio k,  ze 5) 
lO expt]. 

-2.7 

-2.2 

-2.0 

-2.8 

-2.3 

-2.3 

-2.7 

Table 14. 

Molecule T 
° 

K 

I 

amu A 2  

d 

A CM 1  

M 

arnu 

Z10 
caic. 

Enyi 9 Scm 5 

RI 2465 2.57 1.591 2230 1.0 37 12 14 

MI 1370 2.57 1.591 2230 1.0 125 8]. 83 

1E1 2000 1.592 1.239 2886 1.0 181 105 139 

MCi 290 1.592 1.239 2886 10 3.29 x 10 2.29x106  7.29 x 10 

HBr 1000 1.99 1.396 2560 1.0 563 752 634 

HBr 290 1.99 1.396 2560 1.0 3.4 x 10 5.44 x 10 2.21 x 10 4 

DC]. 290 3.075 1.206 2091 2.0 6.31 x104  4.35 x 3.0 6.01 x 10 

present i* 

C.C. Chow, S.F. Green., J. Ch. Physics, 19659 jat 324 

P. Borrell, Chesica]. Society Specie] publications No.20. 'Molecular Nelmtion Process..' £oadic Press,1966 



And a plot of 

log10  Z10 (.xpt) x 117 . 1
13/6 4/3 1 

exp[ 
. o.71941 

against 
I 9 2 1 

j Ldl.3/3 T1/6 M(o() 7/3] 	L T 	L2 2 TJ 

corresponded to a straight line whose slops gave oL 2.94 	and 

intercept Z0 	4.97. 

Using these parameters 7.10  is calculated for ail this. expressions 

and compared with experimental z10.• 	Hard sphere collision nuebere are 

calculated from 

- 4.75 io10 cr 2  
T K1  

And,  Z10 =zr(sxpt). (Tie in2, Tin °K,Xlna,m.u.,andTjnmecs. 

The results are shown in Table 14 along with those of other workers. 

The agreement between theory and experiment has been greatly improved 

by the use of vibrstion.rotatjon energy transfer theory, particularly in 

the ose. of H Br. This is most clear when the ratios of the relaxation times 

predicted by the two theories are compared (Table 15). 

Table 15. 

Ratios of Relaxation times of HC1, BBr and DC1 at 290°X. 

Ratio 	 vib-tranatheozy 	yib-rot.theory 	expt 

C HC1ftDc1 	 4.1 x 102 	 1.1 z 151 	 1 

TI fitfl/rlmr, 	 1.3 x 104 
	

2.5 
	

7.3 

The effect noted by Cottrell in the 13 AsH3// PR3  ratio is clearly 
Important in the ratio of t HC1/t HEr. 	hEr has a vibration frequency about 

12% lower than that of Mdl, but in vibration-translation theory the much 

greater weight of HEr, and hence its lower relative translational velocity, 
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beacmes the dominant factor leading to a much longer relaxation time for 

RBr than for lid. However the moments of inertia of the two molecules 

are SIRIThr and vibration-rotation theory predicts that they will have 

similar relaxation times. 	it can be seen that this prediction is in 

agreement with the experimental finding. 

Although the experimental result for DC1 is not reliable because 

of traces of ff03. in the ssispLe it is obvious that the relaxation time of 

1)01 is not 400 times waller then that of ff03. as predicted by vibration 

translation theory since the effects of Impurity and reabsorption of the 

resonance fluorescence are such as to make the present result a lower limit 

to the true relaxation time. 

A plot of 

	

r17.1 1 I3/6 
	

43 	1 	ro 719 0) 
a 

	

1oZ(expt) x Ld1313 1
1/6 	7/3] 

exp 

against (I) 	 15 shown in Fig. (18). 	It can be soft that the 

d2  T 

halides require approxImately 100 time the mber of collisions predicted 

by vibration-rotation theory. However the temperature dependence is very 

much closer to experiment - Fig. (19). This is a great improvement on the 

temperature dependence expected from vibration-translational theory (Fig. 17). 

As was pointed out before an error could arise from neglect of the 

translational notion. In the halides the rotational spacing 2 BJ*  is large 

(Table 13) and a significant amount of vibrational energy must be transferred 

to translation; these molecules have, low translational velocity because of 

their ease and hence the overall probability of energy transfer is decreased. 

A complete understanding of vibration rotation energy transfer in the halides 

would require a quantum treatment of rotation, and separate calculations for 

all possible values of the initial and final rotational qmantizc nucber. 
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Conclusion: 

The psr:1atenta1 results obtained in this vork indicate that 

vibrat ion.-rotat ion energy transfer plays an Important role in the 

collisional d.actj,atjon of vibrationsily wwited }Cl, DC1 and RBr. 

While it is true that no really satisfactory mechanian has so fir been 

put fori*r'd by which such energy transfer can occur, nevertheless no 

other theory can account for the observed relaxation tines, especially 

the ratio of T hdride to T deuterids. A comparison of, for example, 

a Lsab.rt-Salter plot, with Moore's SeRi.-itpi?ic$l correlation shows 

the net inprovenent achieved by interpreting the relaxation time of 

w1.cul., with low wents of Inertia in t.zws of vibration-rotation 

energy transfer. 
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Chapter One 

1.1 
	

O.neysl Introductiont 

The electron is a particle 'which has played a fundamental role in our 

understanding of atomic and molecular structure. It provides the explanation 

for the occurrence of chemical bonds, and is thus the basis of the whole of 

chietry. On it also rests the interpretation of the phenmens, associated 

with metals,semi-oonductors, etc. 

The study of the behaviour of electrons and other charged species in 

solution has long formed an important branch of i*iysict] chemistry, namely 

electrochemistry. By contrast the behaviour of free electrons in gases has 

been, until recently, largely the concern of rb3sioists. But mass speoti'omstr 

has become a very important tool in the study of chemical kinetics etc •, and 

the diffraction effects arising in the elastic scattering of high energy  

electrons now provide a powerful method for the determination of the geometric 

configuration of polyatomic molecules. The discovery of the Rseican.r - 

Townsend effect in the scattering of slow electrons from gases, and more 

recently the observation of resonances in electron scattering explained in 

terms of short-lived compound states of the electron and molecule - have also 

led to an increase in the interest of chemists in the field of electron impact, 

an increase 'which becomes obvious on scanning the literature. In addition 

electron sp.etroseo' provides a tool for the study of molecular states 'which 

can be studied only with difficulty, if at all, by other techniques, and this 

thesis is concerned with the application of electron impact to the study of 

electronic states of atoms and molecules. 



A further factor responsible for this recent growth of interest is that 

modern experimental techniques make possible the meaeureiient of quantities 

which could not previously be observed, and the increasing sophistication 

of the theory makes the significance of the experimental results more easily 

-. 

The phenomena associated with electron Impact therefore give new 

criteria against which we can test, and perhaps Improve, our understanding 

of atomic and molecular structure. 

1,2 	Electron-molecule collisions: 

Collisions of electrons with atoms and molecules can cause various 

interactions depending on the energy of the electron and the nature of the 

collision partner. Probably the most fp'ilter of thee, interactions is 

jjsation: 

e 	14 --?o. 2e 4  14 

which can occur when the electron has an energy at least as great as the 

ionisation potential of the molecule • This is the reaction taking place 

in the ion source of a mass spectrometer. Electrons can also cause electronic 

excitation of molecules: 

C 

where W' denotes a molecule in an upper electronic state • In addition lower 

energy electrons may cause rotational and vibrational excitation. 

Because of the wavelength of the electron and the range of electron-

molecule interactions some of the concepts found useful in discussing inter-

molecular energy transfer must be abandoned when we come to consider electron-

molecule interactions. Intermolecular forces vary rapidly with distance 

(typically as r7 6)  so that it is possible to think of a fixed collision 

diameter for molecule-molecule tiriacts, independent of energy, and a property 
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of the molecule alone. !Iowevez electron-,noiecu]e forces very more slowly 

with distance (as about r) and therefore the effective range of the interaction 

depends strongly on electron velocity. Neither can the wave nature of the 

electron be neglected. It has a de Broglie wavelength about a himdred tines 

greater than a molecule with the same energy and diffraction and interference 

effects arise between the electron waves inside and outside the molecule. 

In the first part of this thesis the probability of intermolecular 

energy transfer was discussed in terms of the average rnmtber of collision. 

required - a way of thinking no longer useful here because of the difficulty 

of deciding when a collision has occurred. A possible definition is that an 

electron-molecule collision has taken place if any physical change can be 

detected after the distance between the two particles has been first decreased 

and then increased. The pbysical change may be angular deflection, kinetic 

energy change, mmentma change etc • detected within the Limits of the uncertainty 

principle. The probability of electron-molecule energy transfer is then 

discussed In term of an energy-dependent collision cross-section for a given 

process, defined as follows. 

When an electron moves through a short distance x ame in a gas, density 

n molecules per am  
, the probability P of ii*king  a collision is given by 

P = 	
1.1 

QT  has the dimensions of ares and is known as the total collision arc .!ction. 

It may be split into elastic and inelastic ocpon.nts, similarly defined. 

O = A 
'elastic 	'inelastic 1.2 

The difference between QT  and the molecular collision diameter of kinetic theory 

is that Q is not a property of the molecule alone, but a function of the whole 

spstu molecule s  electron velocity, and type of transition, 



-.50- 

The angular distribution of the scattered electrons is determined by 

a differential cross-section for the scattering of electrons into an element 

of solid angle dQ , making a polar angle 6, and an asiauthal angle Ø.(. Pig.) 

y 

dfl -- sin e. de. dØ 

The probability of scattering into this solid angle is 

P(0). sin e. 40. dØ 

and the differential eross-section for scattering into dit is defined as 

	

Q.P(e) sin e. do. dØ 	I(o) sin o. do. dØ 	 1.3 

The total cross-section is just the differential cross-section integrated 

over the range of solid angle 

TL 	231 

	

ff 	I (e) sin e. do. dØ 	 1.4 

To allow for the angular distribution of elastic scattering a momentm 

transfer cross-section is defined. Conservation of momentm requires that 

the fractional energy loss of an elastically scattered electron be about 

2 m/m, where me  is the mass of the electron, and in the mass of its collision 

Partner. An electron scattered through an angle 0 will lose approximately 

2 (1 - sos e)mjm of its ener. The mean fractional energy loss per collision 

is given by 

	

 It
xos e) p (E) em 0. de. c1 	2m 	

D 

ITC 

0j0 	
-;:- -- 	1.5 
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 where %, the 1010 "IM trAnift erosj-sect1on1  is equal to 

r TL rm 
JJ 	P(e) sin 0.dO.dØ 
60 

if the scattering is isotropic % 
	Q. 

Theee three cross-sections describe oosiplst.]y an s1sctron-1.oul. 

collision. 

1'3 Weesuresent of collision oyosa-ction 1 

Total collision arose-sections were first studied at the beginning 

Of this century and the first quantitative results were obtained by Rsscav.r (1) 

in an elegant electron bean experiment. His technique wes used in the 193ft 

to stw*y cross-sections in a wide variety of gases - we for example r.f.rsnc.s 

(2, 3) - and has recently been mployed with higher resolution by Golden and 

BaM.l (4). 

Electron swaria t.ohniquss, originally devel oped by Townsend (5)9 have 

been w4ensively nti3.tesd for the sty of total collision cross-sections. 

They are $rticularly useful at very low electron .nsrgi.s where electron 

bean techniques are not applicable. A discussion of the caperinental aetheda, 

result, and theoretical tnt.rpr.tation of total collision cross-sections at 

low electron .nergies will not be given here. Accounts at the work can be 

found in reference. (6, 71 St 9) and references therein. Since this thesis 

Is eonesrned with the inelastic scattering of electrons with sufficient sn.r' 

to cans. electronic excitation of atoms and molecules the asasurannt of cross-

sections for the.e processes will be considered in more detail. 

*i$*IiiSient of Inelastic eoUiionSrO$-sections 

1.6 

We saw above that the total oollision cross section can be subdivided 
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into a sa of the elastic collision cross-section and inelastic cross-sections 

for the various possible excitation processes, i.e. 

%lastic + E inelastic 

The experimental measurement of the separate inelastic collision cross-sections 

requires high resolution and electron beam techniques must therefore be used. 

Absolute measurement of collision cross-sections is very difficult and early 

results, obtained by indirect methods are often unreliable. However 

measurements of the variation of cross-sections with electron energy, and 

the relative magnitude of cross-sections for different transitions, are 

mush easier. 

Measurement of the excitation function by optical methods: 

This involves the bcmbarnt of a ga* or atomic been with a beam 

of electrons, followed by measurement of the intensity of some known pert 

of the optical radiation as a function of incident electron energy. Care 

must be taken in the analysis of the results to allow for population of the 

states by a collisional mechanism, cascading effects, and reabsorption of the 

emitted radiation, although thee. become 1..s important at low pressures. The 

method is not easily applicable to the study of metastable, states. 

Measurement of the intensity of spectral li nes from a gas discharge: 

The complication in the analysis of data obtained by observing the 

intensities of lines emitted from a gas discharge are so great that the method 

is 'very inferior to electron beam techniques. However it does permit the 

study of electron impact with excited atoms. 
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The study of metastable states by detection of metastable atone: 

(a) On imc+ with a metal surface metastable stems with sufficient 

Internal energy will cause an electron to be ejected from the surface. 

Metastable states formed during collision with an electron beau can be detected 

by measuring the ejected electron current, if suitable precaution, are taken. 

The rare gases and mercury have been studied in this *y. 

(b) Metastabie atoms have large absorption coefficients for light 

of a wavelength suitable to raise them to higher states. The intensity of 

absorption can give a measure of the population of the metastable states.  

Experiments involving measurement of the kinetic energy loss.s of the 

collidina electrons: 

Such experiments provide the most direct measurement of 

excitation cross-sections, and with modern techniques of electron energy 

analysis they have asrnmsd great Importance. The various methods used will 

be discussed in more detail in a later section. 

Again accounts of the above techniques and the results obtained 

can be found in references (6, 7 9  8). 

1.4 	General Features of Inelastic cross-sections for atoms and molecules: 

(1) 	Excitation of Atoms: 

A + e —> A* 	+ 	e  

A 	+ 	e 	> A 	+ 	2.  

We are here concerned only with process (1). 

Three clearly marked types of excitation function have been 

observed. The first type 10 characteristic of excitation to states which 



FIG 1 	VARIATION OF COLLISION CROSS SECTIONS WITH ELECTRON ENERGY 

( a ) 	1 s—*2p transition in H : ref 11 
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combine optically with the ground state; for example the Is - 2p transition 

in hydrogen (Fig. la). The cross-section rises to a broad 'taxintue at 

energies four to five times the threshold energy, and then decreases slowly 

with increasing electron energy. 

Transitions involving a change in multiplicity show a different type 

of excitation function (Fig. lb). The cross-section rises to a such sharper 

wlin* just above the threshold and decreases to very- man values at higher 

electron energies. 

An intermediate type of excitation function is found for transitions 

which are optically 'forbidden' but involve no change in multiplicity, for 

example the 113 - 315 transition in helium (Fig. lo). 

This rather arbitrary,  classification of states according to the 

optical selection rules appears to have fairly general applicability. 

A comparison of the relative probabilities of the three types of 

transition is shown in Pig.(2) for helium. In general high electron energies 

cross-sPetions for optically allowed transitions are larger than those for 

any others and cross-sections for transitions involving a change in multiplicity 

are large only, if at all, at energies near the threshold. 

Mohr and Wicol.l (10) investigated the angular distribution of electrons 

scattered inelastloally from Re. Ar, and Hg for angles between 20 and 160 0 9  

and incident energies from 23 to 196 volts. Some of their results are shown 

in Pig. (3). At all energies the curves fall off very rapidly with angle 

at .a&U angles, but for lower energy electrons they level off at large angle. 

(2) Excitation of molecules: 

Inelastic collisions of electrons with molecules can lead to far more 

complex results than collisions with atoms. Vibrational and rotational 



FIG 2 	COMPARISON OF CROSS SECTIONS FOR OPTICALLY ALLOWED AND OPTICALLY  

FORBIDDEN TRANSITIONS 	IN UELIUM 
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excitation can occur as well as electronic excitation, and many types of 

dissociative processes are possible. It is simplest to consider a diatonic 

molecule: 

AD + e 	> LB1  

> 

+ e 

AD* +e 

> AB + 2. 

--> k 4 Bk 

—> L +8 

> A 

e 

+ 2e 	etc. 

denote. * vibratlonaUy or rotationally excited molecule, AB* one 

which 1s electronically excited. 

Since the mass of the electron is so such aller than that of the 

nucleus, and it therefore moves much faster, it is possible to neglect nuclear 

motion when  calculating the electronic energy of a molecule (the Born.. 

Oppenheimer approximation). Potential energy curves can then be constructed 

for each electronic state of the molecule, some showing a more or less deep 

miniai (bound mol.cular states) and others no minimum at all (unbound molecular 

states). Aain based on the fact that electronic motion is so much faster 

than nuclear motion, the Franck - Condon principle asserts that transitions 

between states may be represented by vertical lines on the potential energy 

diagrams. 	Fig. (4) illustrates four possible types of transition. 

(1) and (2) lead to dissociation of the molecule, (3)  to an upper electronic 

state in the ground vibrational level, and (4)  to a vibretionafly excited upper 

electronic state • The lines are drawn from the position of maximin probability 

for an electron in the ground state to the state for which the overlays integral - 

I . i.JJ d 	- is a maximum. 	and 2 are the wave functions of the 

two states. 

For polyatcsic molecules no such simple geometric representation can 

be given. 



FIG 	FRANCK— CON DN DIAGRAMS 	FOR ELECTRONIC TRANSITIONS IN 

DIAIOMIC MOLECULES 
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citation of molecules has been studied by many of the techniques 

used for atoms, and in general the cross-sections show the ssae type of 

behaviour. A discussion can be found in reference (14). 

Rotational excitation: 

Rotations], excitation of molecules by electrons can occur because 

of the long range nature of the interaction between the electron and the 

olecu1e • Thus electrons with the necessary angular siomentum can interact 

sufficiently strongly with dipolar or quadrupolar molecules to cause 

rotational excitation. Cross-sections have been deduced from electron 

simra experiments but comparatively little 1s known about them. (7915). 

Vibrational excit&tion: 

The 'direct' vibrational excitation of molecules by electrons is 

ruled out by the prinaipie of conservation of momentum. flowerer Rca. (16) 

found energy losses corresponding to the vibrational excitation of N2  

and more recently Schulz (17) confirmed that vibrational excitation does 

occur. His results for N2  are shown in Pig. (5). The mechanism for vibrational 

excitation involves the formation of a temporary negative ion state, a 

Iresonancet state, 2.3 eV above the ground state, which then decays to upper 

vibrational levels of the ground state • Many resonance states have since 

been observed by nuaerous authors in a wide variety of gases. An account of 

much of the work on resonances, and a rationalisation of the results can be 

tom in reference (ie). 

Recently fakayansgi (19 9  20) has cast some doubt on the first statiment 

of this section that direct vibrational excitation is not possible and has 

shown theoretically bow such a process can occur at low electron energies. 



FIG 5 
	

THE ELECTRON 	IMPACT 	SPECTRA OF 	NITROGEN OBTAINED 

BY SCHULZ 
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1.5 The theory of electron-.olecule collisions: 

The theory of electron-s&o3.cule interactions is more complicated 

than that of either molecule-eolecule interactions, or of the interaction 

of molecules with radiation. In the present case both the source of 

excitation, the electron, and the excited spades, the molecule or atom, 

must be treated in a fully qusntua mechanical manner. 

An extensive account of the theory is by Mott and Xusey (21), and 

a very brief siaxy will be given here. The derivation of the met formula 

for f(0), the scattering amplitude, is given because it illustrates the 

manner in which the problem must be approached. 

The incident stream of electrons, travelling along the a axis 

with velocity , is regard" as a plane wave, wavelength X , having the form 

eiks 	; k = zvA ; 

The incident wave will be scattered by the atom or molecule giving rise to 

a spherical scattered wave,, and the amplitude of the scattered ive at the 

point (r,e,Ø)is given by 

f (o) ikr  /r 
Calculation of r(o) given the maber of electrons scattered into a given 

solid angle per unit tine, the differential cross-section being 

I () 

 

I f  
If we consider the simplest case of scattering by a spherical potential 

V (r), the Sehz'odinger equation is written 

	

v 2tjJ + [k2 - U 	 0 	 1.7 

U (r) 	y (r). 	2aA2  

At large distances from the scattering centre the solution must represent 

an incident plane wave and an outgoing spherical ways. 
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.1. 	ikz 
U(J 	e 1,  r (e) e1 '/r 	 1.8 

To obtain the solution I..JJ is expanded in a series of Legrendre polynomials. 

The general solution of 17 having axial syietry is 

1J 
 
7 A, P1  (ooeO) t, (r) 	 1.9 

wbere the A1  are arbitrary constants, and L (r) are any solutions of the 

equation 

1(1+1)1 dl.1 (r)  
2 	j; (.2 - dr 	) 	

- V(r)- 	r  J L1(r) 
= 0 

so shosen that 	remains everywhere finite • The particular solution 

of 1.10 remaining finite at the origin is 

(C/r) sin 0 (1cr - in/2 + I L ) 	 LU 

C is an arbitrary constant and the puss, shift introduced into the 

spherical wave by the scattering process is dependent on k and U(r). 

It can he shown that 
00 

(21 1) 1 	j• L1  (r) P1(coeO) 	1.12 

representing the incident and scattered wave, and since we have f(0).e/r 

for the asymptotic form of the scattered wave, then 

00 

r(e) 	1 	 (2 1 1 1)(a21L1 _1)Pi (cosO). 	1.13 
21k 

and 	1(0) = f(e) 2  

Q 	2rr 	I(0) sin O.dO 
0 

We have thus arrived at an expression which allows theoretical 

calculation of the collision cross-section. However the GZaCt expression 

110 

for f(0) is extremely difficult to evaluate for all but the simplest systems, 
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and various approximations have been developed, valid under differing 

conditions of electron energy. The most thoroughly investigated case is 

that of scattering of high energy electrons where the Born approximation holds. 

The !Q1'1 r  App1t4o 

The treatment is based on the assumption that the distortion of the 

incident wave by the atomic field in email, i.e. that all the Mse shifts 

are email. Making use of Green's function it can be shown that 

ik 	- (•ikr /r) fe' 	1 	(r1) d 	1.14 

where n is a unit vector in the. direction i' (the direction of scattering). 

The Born approximation says that j (ri) may be replaced by the unperturbed 
ikz wave function i.Ji = 0 	We then obtain for f(0) 

f 	-( 1 /4n) 	exp (1k ( - n). r) U(r) dT 	 1.15 

no  isa unit vector along the a axis such that s go . r. Changing to 

suierical polar co-ordinates, and integrating over 0 and 0 gives 

00  

2W 	sin Kr V(r) r2  dr 	 1.16 
Kr 

0 

K =  

This treatment is only valid for fast electrons. 

Application to inelastic collisions: 

Consider a collision of an electron with an atom in which the atom 

1s raised from state a to state n by the Impact. 	and 	are the 

energies of the two state., and v and v 
En 

the initial and final velocities 

of the colliding electron, 
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=a (,2_,2) 	
1.17 

The differential cross section is 

' 	()  

	

Vn 	ç (e) 2 	
1.18 

Changing to wentiss variables the following expression can be obtained 

52L 
].28 1t me 	dK (K) 	

k 2 	h4 	
e 	J 	dt 	

2 	

1.19 

K =  

Ezpsnding the exponential and integrating we obtain for the inelastic 

cross-section 

128Tr 22 941*max 

k 	h 	
(K1 	 1.2 

2 	4 

where 	 kbn  

Y 
MAX 	 Na 

x, x 	 are the matrix elements of x,x2  etc. such that 

(z) 	 m (x') IJ 	d t 	 1.21 

For a transition associated with a dipole moment (optically allowed) the 

first term under the integral sign in 1.20 does it vanish, and is by far 

the greatest. Carrying out the integration gives 

64 TI  5 2 04 	1 	log  2arr2 	 1.22 
k2 	LIi 
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If the the transition is associated with a quadruple rather than a dipole moment 

the first term vanishes and we obtain 

1281r7m204 	 2 
Q*n 	 (x')mnj 	E 	 1.23 

k2 h4
I 
	I 	m 

Thus we can see that owing to the logarithmic term in 1.22 the cross-sections 

for optically allowed transitions tall off less rapidly with increasing electron 

energy than do those for optically forbidden transitions. The theory can 

therefore explain satisfactorily the observed variation with electron energy 

at relatively high energies. The predicted angular distribution of electrons 

scattered ine].sstloaily from helium is shown in Fig. (6) - of Fig. (3). 

Again the agreement with experiment is good at high energies. 

In the above theory the probability of a transition involving a change 

in au1titlicity is zero. Mathematically this is due to the ejemetry properties 

of the wave function corresponding to states of different multiplicity so 

that the integral 1.21 always vanishes; physically to the impossibility of 

changing the total electron spin on impact. But it is the totsl spin of the 

atom or molecule plus the incident electron which must now be conserved. The 

possibility of electron exchange is neglected in the above treatment. Suppose 

the initial molecular electron spin is sh, so that the multiplicity is 2s + 1 9  

the total spin of incident electron plus molecule is (s 	) f. If the  

excited state has spin 	11, making the total electron spin after collision 

(s 1 ±)h, then to conserve spin s 	most lie within s-i.e. er.s+l, 

or a I =s - 1. Thus when electron exchange is involved the multiplicity can 

change by 1 2. Exchange can of course occur without a change in multiplicity. 

Electron exchange can be accounted for at high energies by the Born-

Oppenheimer approximation (not to be confused with the previously mentioned 

Born-Oppenheimer approximation for neglect of nuclear motion). In a manner 
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similar to the Born approximation for the calculation of f (o), a 

scattering amplitude ç (e) is calculated for the case when electron 

exchange takes place. The differential cross-section is then given by 

inn (e) 	
k 	

+ 	I g 2  + 	I f_gj 2 ) 	1.24
ka  

The agreement between theory and experiment has been most extensively 

studied for scattering from, H and H, for which good approximate wave 

functions are available, and therefore any errors in the predictions arise 

from failure of the scattering approximations and not from inadequate wave 

functions. 

At low electron energies neither of the above approximations is 

valid and the theoretical treatment becomes much more complex. 	Among 

the approximate methods which have been used are the distorted wave 

approximation, semi-classical approximations, effective range theory, and 

increasingly in recent years variational methods have been employed. 

No general method of practical usefulness can be developed when the Born 

approximation is not valid . 	The most successful treatments, such as 

variational methods, are too complex to discuss in detail here but a full 

account can be found in reference (21). 

We will now siarise those properties of inelastic cross-sections 

which are well established on both theoretical and experimental grounds. 

(1) At electron energies far above the threshold all inelastic 

cross-sections decrease with increasing electron energy. For optically 

allowed transitions this decreese is slower than for optically forbidden 

ones, and for transitions involving a change in multiplicity it is very 

rapid indeed. 
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At electron energies where exchange is unimportant the cross-

sections for optically allowed transitions are much greater than those for 

any others. Less information is available in the region where exchange is 

important. 

In the energy range where exchange is unimportant the differential 

cross-sections decrease very rapidly with increasing angle. 

(i) When exchange is important the angular distribution is much more 

uniform. 

One of the most interesting properties for the chemist of excitation 

by electron imf*ct is the possibility of causing transitions to states of 

different multiplicity. As we have seen, at high energies the probability 

of such excitation is negligible, except where spin orbit coupling is 

significant. But at lower energies transitions involving changes in 

multiplicity may take place quite readily, and at some energies may occur 

with greater probability than excitation to & level of the same term series. 

For light atoms electron exchange is the only mechanism by which transitions 

between states of different multiplicity can occur. 

change will  be predominant under conditions for which the Born 

approximation in least likely to hold. These are conditions of low electron 

energy (<100 eV.) and high scattering angle. It was decided to investigate 

the scattering of electrons under such conditions with the hope that spin 

forbidden transitions would be seen. 

As we sew before the most satisfactory methods for studying optically 

forbidden transitions involve the measurement of the kinetic energy losses of 

the scattered electrons. The various techniques which have been employed will 

now be reviewed in more detail. 



FIG 7 	SCHEMATIC DIAGRAM OF A TYPICAL ELECTRON TRAP (a) 	AND THE 

POTENTIAL DISTRIBUTION AT THE AXIS 	CF THE TUBE, (b). 
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1.6 Electron beam experiments: 

In electron beam experiments a mono.n.rgetic beam of electrons 1s 

passed through * gas under such conditions of gas pressure and electron 

path length that no electron makes more than one collision with a gas 

molecule. Under the.e conditions of course most electrons make no collisions 

at all, and the observable effects are wall. Mair-Liebnitz (22) conducted 

one of the first of such experiments, in which electrons were accelerated from 

a filament and allowed to diffuse outwards through a gas in cylindrical 

syametry. After passing through a grid the electrons were collected at a 

cylindrical collector to which was applied a potential sufficient to repel 

those electrons which had suffered inelastic losses. H. obtained cross-

sections for electronic excitation in the inert gases and observed vibrational 

exaltation in N2 and 
A more refined technique has been developed by Schulz in his 'trapped 

electron" .xperim.nt. 

The Electron Trip: 

A typical electron trap Is shown in Pig. (7). Electrons from the 

filament, aligned by the magnetic field H. traverse the electron gun into the 

collision chamber. The cylindrical grid G Is surrounded by a cylindrical 

collector N. To N is applied a potential 22 volts positive with respect to 

G, of which 0.3 volts penetrate to the  axis of the tube. Thus the well 

depth is 0.3 volts. Electrons in the beam making Inelastic collisions and 

losing all but 0.3 volts or less of their energy are trapped in the well and 

reach the collector N. The incident electron energy is selected by a retarding 

potential difference method. Electrodes P1  and P3  are at a potential positive 

with respect to the filament and draw current from it. P 2  is at a potential 

TA negative with respect to the filament, providing a potential barrier 
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sur,ountable only by the higher energy electrons. If TA  is increased to 

VA + A VA  the difference in the trapped current results fr'cin electrons in 

the voltage interval A VA.  By measuring the trapped current at different 

electron .nergi.s one am .stinate the probabilities of inelastic losses as 

a function of energy. 

In addition to the inslastically scattered electrons, there are two  

other contributions to the trapped current. 

lIsutive ion foreation: 

This can be accounted for since the negative ton current can be 

aessured separately by reducing the potential between N and G so that no 

electron trapping occurs. 

Elastically scattered electronsz 

At near sire accelerating voltages elastically scattered electrons 

have an isotropic angular distribution. Thus the scattered electrons my 

have insufficient axW velocity to escape froa the trap. At these voltages 

it requires a very isprobable subsequent collision to direct the electrons out 

of the trap, but at higher energies escape becomes more probable and the elastic 

contribution to the trapped current disappears. Schuli therefore does not 

measure trapped currents below 1 CV. 

Using the electron trap he has investigated inelastic processes in 

N2  (23, 24) 9  02  (25) 9  Co(23 9  24), N2I  (26),R20 (27) and R2  

The Double Electrostatic Anr 

Electrons of velocity u entering a radial, inverse first power, 

electrostatic field describe circular orbits of radius r provided that they 

enter perpendicular to the lines of fore., and that u is related to the 

field strength x at each point of the orbit by 



= 

Electrons of the s0 velocity entering at ± o degree. to the line, force 

describe non circular orbits which recross the circular are at 

fff./2 	1270171 

A focussing election energy selector may therefore be built with entrance 

and exit slits separated by the angle I • A treatment of the focussing 

iwoperties is given by Hughes and Rojanaky (2). More recently the 127°  

analyser has been investigated by Clarke (29) and Xmxmst  and Kerwin (30). 

Schulz (31, 32) has used two 1270  analysers in an 3 configuration 

to study the vibrational excitation of N2. The energy-selected bum from 

the first ax*]yser I*sses through a gas filled collision chamber and electrons 

scattered in a given direction, after traversing the second analyser, are 

collected at a shielded electron collector. This technique, although more 

refined in that it enables electron energy losses to be measured directly, 

is liss sensitive than the electron trap and can only be used when the inelastic 

cross sections are high. His study of the vibrational excitation of N 2  

shoved that this involves the formation of a temporary negative ion state. 

Simpson (33) and other workers (34, 35) have used velocity analysers 

Of the  h*is$ierical aM 1270  variety. Much of their work has been devoted 

to the study of the sharp resonance peaks which occur in the collision cross-

sections. These are thought to be due to the formation of unstable compound 

states of the atcsss or molecules and electrons, and as stated above, are 

Important in the excitation of vibrational states of molecules by electron Impact. 
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Electron impact Spectrosoo: 

At high incident electron energies and low scattering angle, when 

the Born approximation, is obeyed, electron impact spectra should correspond 

with optical spectra (ref. 21, chapter 16). Van Atta (36) working in the 

energy range 100 - 300 • .V. fomd no evidence of optically forbidden transition 

in Re, N. and Ar. Other early studies of R 2  (37, 38) 9  N2  (39, 40), 

Co (41)9 CO2  (41) and 1120 (42) conducted by a variety of techniques, revealed 

no evidence of excitation of optically forbidden transitions at kinetic 

energies greater than 100 e.V. 

Recently Lass.ttre and his collaborator., in an elegant series of 

experiRents, used an electron lapeot spectrometer to study electronic 

excitation cross-sections for electrons in the energy range 300 - 600 e.7. 

Their apparatus, Ftg. (8), consists of an electron gim 0 9  producing an 

electron beas of variable energy, and a collision ohasber C with a pair of 

slits S1  and 3 2 determining the direction of the scattered electrons 

reaching the detector. This is a 1270  analyser followed by an electron 

aultiplier. For full detail. see reference (45). Laasettre and co-workere 

have used this apparatus to study scattering at zero degrees, and in some 

cases up to angles of 15° 9  enabling them to test the theoretical predictions 

over a wide range of conditions. The substances which they have studied 

A" listad: h.1i (43, 459 46, 50, 51, 68), hydrogen (439 44), sethane (43)9 

ethane (43)9  cyeloh.xan.  (43), ethylene  (43, 67), uster (43, 54, 62, 65) 9  

carbon monoxide (459 48 9  539 66), nitrogen (479 549 559 56, 579 63 9  649  69), 

!nis (54)9 bensene  (54)9 carbon dioxide (58, 60), acetone (59) and 

2-butanon. (59). This is the most sxtensive study of inelastic losses of 

high energy electrons, and the results obtained are in good agreasent with 

theoretical predictions. lassetre's work was restricted to high electron 



energies, and because of intensity problems he could not study scattering 
at angles above 150 . 

At lower electron energies (less than 100 e.V.) singlet-triplet 

transitions can be observed in electron Impact spectroscopy because of 

electron exchange . The scattering of low energy electrons (4  to 10 e.v.) 

s studied by Arnot and Baines (70) who obtained totai: elastic, and 

inelastic cross-sections for Hg. Womer (71) observed the 23 - Z38 

transition in helima. The method of Arnot and flames has recently been 

further developed by Kuppsimaxm and Raft (72 9  739 74). 

The Iuppe 	and Raft experiment: 

Their apparatus is shown in Fig. (9). Electrons frc the cathode 

C are accelerated by the gun through the pinhole P into the collision area. 

The scattered elections are energy analysed by a retarding potential difference 

method using a series of cylindrical grids coaxial with the electron beam. 

The current at the eylindrical collector S is measured as a function of the 

aEdain energy loss E of the scattered electrons. Differentiation of this 

curve gives a series of peaks corresponding to electronic transitions in the 

atcms or wleoules. Electrons scattered through angles from 22 to 112°  reach 
the collector, 900 scattering being favoured. Kuppermenn and Raft obtained 

spectra for He and Ar in the electron energy range 25 to 50 e.V. They also 

studied H2  at 60 ..V., H20 at 30 ..V. and ethylene at 40. 50 9  and 75 e.V. 

In now of these spectra spin forbidden transitions, and dipole forbidden 

transitions appeared with eqzl prominence to optically allowed transitions, 

Since it appears that interesting and new information which would 

increase our understanding of molecular structure am be obtained by the study 

of low energy electron impact it iaa decided to start work at Edinburgh on 
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both the electron trip, aM an electron imi*ct spectroaster of the 

Xuppsrwm and Raft type (75). The present irk concerns the development 

of the electron lapact spectrometer. 
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Chapter Two 

2.1 	Description of Apparatus: 

The apparatus, based on that of JCupp.rmann and Raft, was designed 

And tested by Dr. A.W. Read (76). It consists of two evacuated chambers 

connected by a =all 4iea.tsr pinhole. Electrons produced from an oxide 

coated cathode in one chamber are energy selected and focussed by the gun, 

Past through the pinhole, and collide with gas molecules flowing through the 

other chamber at pressures between 3.53  arid 165 torr. The unscattered bum 

is collected at a Faraday cup. Electrons scattered through large angles 

pan through a series of cylindrical grids, are energy analysed by a retarding 

potential difference method, and collected at a cylindrical collector, 

Previous exp.ri.nce with electron m*ra devices at Edinburgh had shown 

that the better the ultimate vacua before the gas flow is started, then the 

more reliable the results. This is because of the elimination of absorbed 

Woe from the electrodes and grid.. The "aim system was therefore designed 

with the aim of achieving a rather better ultimate vacuum than the 3 x l& torr 

obtained by Kupp.rwn arid Raft. The stringent vacutsi requirements demanded 

the exclusion of all materials unstable at high temperatures or low pressures, 

VA for this reason no resins etc • were used in the support cystoin for the 

electrode assembly. Also, in order to obtain the best possible ratio of 

scattered to background current, all magnetic materials were excluded from 

the system. The detailed design and construction of the electrode assembly 

was carried out by 20th Century Electronics. The general layout of the 

Apparatus is shown in Fig.(lo). 
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2.1.1. The Vacnl* Sy-st: 

The Ta0von ohber is constructed from non-magnetic stainless steel 

Of ov.rsll wail thickness 1/4" , and internal diameter 4". The central steel 

plate of the electrode assembly (Fig. 11) rests on a Small shelf in the centre 

of the chamber and separates the electron gun from the collision chamber, a 

connection being provided by the 1.5 m.m. diameter pinhole in 	Differential 

papirig of the two chambers is achieved by means of two Edwards U.H.YIIL2 

PUMP groups, each consisting of a three stage mercury diffusion pap and 

trapping system. The trapping system is a lower chevron baffle, kept cool 

by a water-cooled thermoelectric element, and a Z baffle in contact with an 

annular N2rec,0jr which was filled by an automatic liquid N 2  dispensing 

system. This pznping system has a quoted maxlmi* paping speed at the inlet 

at 70 1/sec. for air. An interlock system provided protection against failure 

of the water or liquid N2  supply, and against VOCUUM failure. 

The backing line for each pap consists of a cold trap, single staga 

mercury diffusion pap, and a rotary pap. Two Edwards ISp&8divalves# connsct 

the backing lines to the  ultrahigh vacuom system and a further two Inlets, 
also sealed by apeedive1yes, are provided for convenient leak testing of the 

-S 

The collision chamber is connected via a right-angled stainless steel 
tube to a 5" diameter flange bolted to the Inlet flange of one diffusion pap. 

The cther pap is attached to the bottom of the gun chamber by a 7" diameter 

flange. Each chamber is fitted with a further 7" flange through which all 

the electrical connections are made s  and the pressure is monitored by two ion 

gauge heats (Edwards Type 1G3) at the centres of these flanges. 

A eoz"ntionsl glass inlet line is connected to the ultra-high v*ouia 

system through a Balser's needle valve (Type U.Y.8ii). The differential screw 

mechaniam of this valv, allows fin, adjustment of the gas flow rate through 
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the y.teu. Gold 10 9  rings were used for all vacuum ee4e in the ultra-high 

vacume part of the assembly. 

The main chamber and the upper puts of the diffusion pump@ could be 

baked to about 250°C, although later in the experiment facilities were installed 

which allowed the chamber to be baked to 400°C. An ultimate vacuum of 

2 x 168  torr isa attained in both chambers; and the differential pimping 

arrangement permitted the pressure in the gun chamber to be kept at about 

id 6 torr during measurements, when the pressure in the collision chamber rose 

to about 163  torr, successfully preventing contamination of the cathode. 

2.1.2 The Electrode Assembly (Fi&.11) 

1. The Electron Gun: 

The cathode and its heating element along with five planar electrodes 

constitute the electron gun. The cathode used 1s a modified 20th Century oxide 

coated cathode-grid assembly, indirectly heated by means of a filament rated 

at 6.3 volts, 0.5 amps. El  is constructed from 0.010" Ferry, the diameter 

of the central hole being 5 m.m., this relatively large hole allowing many  

electrons to reach the lens. E2, E, and 1 are of 0.040" Ferry having 

central holes 0.5 m.a. in diameter in the case of E2  and 1 
49  and 1 a.m. for 

E,. All four electrode. are 2" in diameter. 1 is made of molybdenum with 

a central hole 1.5 a.m. in diameter through which the electron beam enters the 

collision chamber. It is mounted on the centre non-magnetic stainless steel 

plate from which it is insulated by a silica disc • The other electrodes are 

supported by almeina rods attached to the stool plate and separated from one 

another by ceramic spacers • The distances between the centres are t 

cathode -E=2a.m., E1-E2 3a.m., E2 - E3E3-E4=105m.m., 

E4 -E5  = 7a.m. 
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To facilitate replacement the cathode assembly is a press fit held in position 

by spring clip.. Electrical leads for the cathode, cathode heater, and 

electrodes El  - E4  are brought through a 9 pin pinch below the gun and thence 

connected to the ceramic seals in the side flange (Fig.lo). Glass insulation 

is used. 

In operation K1  is run at a potential positive to the cathode and 

draws electrons from it. K2, Z3  and S4  are used as an Kinsel lens : 12  and 

54  are placed at the same potential so that electrons suffer no energy change 

in traversing the gun. E is placed at a potential lower than Z 2  and 1 and 

has the effect of filtering out from the beam those electrons which have 

relatively high components of velocity perpendicular to the beam axle, thus 

collimating the beam and reducing the background current in the collision 

chamber. In practice the potential on 193  is usually varied until the ratio 

of scattered electron current to been current in the empty cell is at a ain1msn. 

As well as optical collimation of the beam the electrodes K2  and K4, by 

virtue of their -all central holes, introduce a high degree of mechanical 

collimation. 

The potential on E determines the energy of the beam entering the 

collision chamber and is normally set at the same value as the potential on 

32  and E4• With this system currents measured at the beam collector were 

typically of the order of l& ps. 

2. The Collision Chamber: 

(1) Grid Gi: This is a cylinder 25 a.m. long and 12.5 mm. in disaster 

with sides of 70% transparency molybdenum mesh and a top of 90% transparency 

tungsten mesh, supported by a cage of 0.020" diameter molybdenum wire. Its 

purpose is to provide a field free region in which the only electron energy 

losses ariae from collisions with the gas • The bottom end of G 1,  is mechanically 
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connected to E5  and the electrical lead, insulated by glass, runs along the 

steel plate and up the outside of the shield electrode to the top plate. 

Grid G2 2 is placed 4 mm. in front of G1. It is a circle of 

90 transparency tungsten mesh 14 a.m. In diameter, mounted on a molybden 

ring. During operation it prevents penetration of the field of the beam 

collector into the region of G1. It 1s also used for energy analysis of the 

beam. If the current reaching the beam collector is plotted against the 

potential on G2, the surve falls off rapidly as the repelling potential on 

G2  reaches numerically the energy of the beam since the electrons do not 

then have sufficient energy to pass through the grid and reach the collector. 

The beam collector (BC) Is a cone of 0.020" tantalum sheet 20 a.m. 

long with a base opening 15 mm. In diameter situated 5 mm, from G2. The 

shape means that electrons entering the collector make mwW collisions with 

the surface, hence reducing the probability of their being reflected out of 

the collector. To reduce the probability of reflection further a holding 

voltage of about 50 volts with respect to E5  is applied to the beam collector. 

Grid G: 	Surrounding G1  is the grid G3  made of 70% 

transparency molybdenum mesh supported on 0.020" diameter tungsten rods. 

It In 30 mm. in diameter and 57 a.m. long. The purpose of this grid is to 

stop the passage of positive Ions. To it is applied a potential a few volts 

positive with respect to E 5 , and since any positive ions formed will have a 

low kinetic energy- this potential is sufficient to prevent them penetrating 

to G4  and the scattered collector. 

Grid G4: This is the key grid far successful operation of the 

spectrometer. It is * cylinder of 70% transparency molybdenum mesh 75 am. 

long and 40 am.  in diameter mounted on 0.020H  tungsten wire • At the beginning 



Of the measurement of a spectrum it is set at a potential negative with respect 

to the cathode, so that no scattered electrons have sufficient energy to pass 

through it to the scattered electron collector. The potential is then gradually 

increased until elastically scattered electrons can reach the collector, 

whereupon a rapid rise in scattered current is obtained. As the potential is 

further increased electrons which have mado inelastic collisions are able to 

penetrate to the scattered electron collector, causing similar sharp rises in 

the current. The points at which these sharp rises are observed correspond 

to the various excitation processes occurring in the atoms or molecules of the 

gas. A more detailed discussion of the variation of scattered current with 

the potential on 04  will be given later. 

The scattered electron collector (Sc) is made from 0.020" tantalum  

sheet, 54 am. in diameter and 8 5 mm. long, supported by  0.020" tungsten rods. 

To ensure efficient collection of the electrons reaching it a constant holding 

voltage is applied between the scattered electron collector and 0 4. In 

Practice the scattered collector is held at earth potential and all other 

potentials not accordingly. 

The addeld is a further tantalum cylinder 73 am.  In diameter and 

100 m.m. long. In spite of the precautions taken, a nuaber of electrons are 

reflected from the surfaces in the collision chamber. Since some of these 

electrons, after successive collisions with the wells of the apparatus might 

reach the scattered electron collector this second tantalum cylinder is placed 

around it, and held at a potential some 40 volts positive with respect to the 

cathode • Some of the reflected electrons are thus prevented from reaching 

the scattered collector. 
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All the collision chamber electrodes are suspended frcst a second 

non-aagnetic stainless steel plate, attached to the central p1ste by three 

stainless steel rods, 2 a.m. in diameter, placed outside the shield electrode. 

Electrical connections from the electrodes to the ceramic-metal seals in the 

top flange are made through the top stainless steel plate, from which they 

are insulated by quarts dies.. 

2.1.3 Electronics: 

The Potential Circuits: 

A diagram of the potential circuits is given in Pig. (12). The 

potentials on E29  B3 , E,, E5/G19 029 BC, G3  and the shield are, applied 

relative to the cathode, by means of circuits each consisting of two 90 volt 

batteries connected across a Beekmaim 300 K he]ipot, Type A. The variable 

posts of the helipots are connected to the appropriate grid or electrode, and 

the centre points of the batteries, via a switching arrangement, to the cathode. 

The switching arrangement allows any of the electrode or grid circuits to be 

connected to a Vibron vibrating reed electrometer (Model 33-B), so that the 

current reaching any one of them be measured. The potential between 04  and 

the scattered electron collector is applied by the same type of circuit. 

Since the currents reaching E would cause rapid decay of the batteries, the 

potential on it is applied, relative to the cathode, by a Parnell stabilised 

voltage supply Type K 350, rated 0-350 volts, 0 - 100 milliampe output. The 

potential on 05  relative to the cathode is applied by means of a circuit 

consisting of a 45 volt battery and a 100 K helipot (Beckmann Type A), and a 

second switching arrar.nt allows the battery voltages to be checked at any 

time. A Solartron digital voltmeter, Type  IX 1010 2, is used to measure the 

potentials on all the electrodes and grids. 
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Current Measurs.ment 

Th. currents reaching all the electrodes and grids, except the 

scattered electron collector, are measured an the Model 33 B Vibron 
vibrating reed electrometer, ithils the scattered electron current is 

measured on a Tibron vibrating reed electrometer Model 33 C o  ith.tch is 
capable of measuring currents down to 1514 amps.  Tvo8ervoscrjbe 

p)tentic)aetrio recorders (Type RIC 511) are used to make continuous 

recordings of the scattered electron current, and the current reaching 

any other grid or electrode, usually the beam collector, 
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2.2 13merimental. Procedure and Behaviour of the Api*rstus, 

After assembly the apparatus was leak tested using a 20th Century 

sass spectrcm.t.r leak detector. When the system 'e Tacum tight the 

diffusion pemps were started, reducing the pressure to lees than 166  torT 

within a few hours • The vacua chamber and upper perts of the diffusion 

pumps were than baked for 12 - 24 bows, after which the pressure in both 

gun and collision chambers was normally about 2 xie torr. 

Once satisfactory vacuum conditions had been achieved the heating 

element fOr the cathode was switched on and the voltage slowly raised, degassing 

the emitter at such a rate that the pressure in the gun chamber never rose 

above 1 x 166  torr. Conversion of the cathode coating from carbonate to 

oxide 'me effected by raising the voltage to a high value (maximin 12 volts) 

for a short time before reducing it to the rated 6.3 volts, 0.5 amps. The 

relatively low operating temperature (- i000°x) of this type of cathode means 

that the resultant electron beam has a smaller energy spread than one from a 

directly heated cathode - such as tungsten, which has an operating temperature 

of * 2500°!. 

2.2.1. Adjustment of the Gun Electrodes- 

The ratio of scattered electron current to beam current 

Since the scattered signal will be w&U it is necessary that the ratio 

of scattered current, I (Sc), to beam current, I (BC), in the empty cell be 

•i1l • The potentials on the lens electrodes were varied until, for a given 

beam energy this ratio was miniiised. Typical results are shown in Table 1. 
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Table 1. 

Potential. s.ttins of the lens electrodes 

I (sc) 
I(Bc) 

OFF 	EP 
	E 

30 4.2 30 30 13 1x1 2  

75 15. 75 75 13 6.5x154  

These mmy be compsred with the results obtained by Raft (74) who found that, 

in order to achieve the desired mull background current, he had to incorporate 

a moan magnet in the electron gun. 

Table 2. 
Comrsri.on with Rift's results 

Beem, Ener (volts) 
A 	B 

- 

C 

40 
	

162x1 	3.6x15 

43 
	

2.39x1& 	- 	 - 

50 	 — 	5,57x3J4 	2.6x1 

65 
	

4.12x161  1.47x1 	1.3x153  

A - Raft without magnet 
1- Raft with magnet 

C - Present work 

Sins* the present results are coniparebis with those obtained by Raft 

after incorporating a magnet, and because there is a danger that the magnetic 

field might penetrate into the collision chber, altering the trajectories 

of the mattered electrons, it was decided to omit the magnet in the present 
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expsrlaent. Also obvious from Tables I and 2 is the tact that as the beam 

energy 1s decreased to 30 iv the background scattering increases. For this 

reason most measurements were made using beama of energies around 50 eT. 

2.2.2. Energy lialysis of the Incident Beams 

It 1s possible to obtain an indication of the energy spread of the 

Incident beam by using 02  as an energy analyser. As the potential on 02 

is gradually reduced until the repelling potential reach.. $ value numerically 

equal to the beam energy, the current reaching the been collector drop. sharply. 

If the curve of beam current against the voltage on G2  (VG 2) is then 

differentiated a sharp peak is obtained whose half width, i.e.  it. width at 

half height, can be taken as a measure of the energy spread of the beam. On 

the basis of this definition the expected energy spread from the cathode being 

used is 0.15 eV. Unfortunately, the method of analysis  will give a value 

which is too large (74) because 

Not all the electrons in the beam approach the collector in a direction 

perpendicular to G29  and 

Field penetration effects into the region between 01  and G2 distort 

the besm. as the potential difference between G, and 0 2 1. changed. 

Analysis using 02  as a retarding potential therefore gives an upper 

___ to the actual energy spread. Results for a 50 eV incident beam are 

shown in Fig. (13 a) and (13 b). The experimental conditions were * 

YE2  = TZ4  = VZ^ = 50 volts, YG3  52 volts, VflC = 90 volt., VG = 5 volt., 

V Shield = 70 volts, and the holding voltage = 18 volts. 

The half width of the peak is 0.7eV instead of the expected 0,150. 

Raff's results are somewhat si4li": for an incident beam of 40eV the measured 

energy spread was laY. However possible reasons for this are given above, 
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and spectra obtained indicate that, in both cases, the actual energy spread 

If the beam in close to the predicted 0.15Y. 

2.2.3. Positive Ion Current: 

The purpose of the grid G3  is to prevent positive ion., form" 

during the collision process, from reaching the scattered electron collector. 

Pig. (14) shows a plot of the scattered electron current against V33  with 

argon in the collision chamber. The conditions were: YR2  YE4= VR^ =50 volts, 

= 50 volts, YC = 85 volt., V0 1  = 10 volts, holding voltage = 15 volts, 

and the pressure of argon was 8 x 10 tori'. It can be seen that when 0, 

be.css slightly positive with respect to Ity,01  there is a sharp rise in 

the measured scattered electron current, which then continues to rise slowly 

because of field penetration effect.. The magnitude of the sharp rise is 

equal to the asgn.ttnde Pt the positive ion current reaching the scattered 

electron collector when 03  is at the seas potential as E5/G1 . In operation 

a potential about 2 volt, positive with respect t o  E5/G1  is always applied 

toG3 . 

2,2,4. Scattered Zlsctzon Collector Efficiency: 

To prevent electrons being reflected frm the surface of the scattered 

electron collector, a holding voltage is applied between it and G4-The 

nlue of the holding voltage is quite critical since it determines the efficiency 

of the collector, and its effect is illustrated in Pig. (15) where the current 

measured at the collector is plotted against the holding voltage. 

The conditions worst 
V12 =V14 =VE5/G1 50volts, VG2 6Ovolts, 

YBC=85volts, VG,=S2volts, Yshield7O  volts.  and the Pressure of 

argon = 5.5 x l0 tori'. 
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Consider curve (a). Below 15 volts the current drops off rapidly indicating 

a large increase in the number of reflected electron., but above this voltage 

the current increase, only slowly with holding voltage, showing that most of 

the electrons are now being collected rather than reflected. A second sharp 

rise is seen starting at 55 volt.. It one thought that the second rise might 

be caused by field penetration into the region between G 3  and G4. If this 

is so, then at a higher repelling potential on G the effect should not be 

noticed until a higher holding voltage is reached. Confirmation 0cm.s from 

curve (b): the second rue does not now start until the holding voltage 

reaches 60 volts. 

In practice a holding voltage of around 20 - 30 volts was noiinal]y 

applied, minimising field penetration effects while simultaneously operating 

the scattered collector at high efficiency. 

2.2.5 Variation of Scattered Electron Current with pressure 

In Chapter One we saw that, when a single particle move, through a 

short distance dx cmi in a gas, density n molecules per cm 3, the probability 

of making a collision is given by 

P 	n.Q.dx 	 2.1 

A flux of N particles per cm2  moving at velocity v, Is reduced in this 

distance by a number 

dN = nNQdx 	 2.2 

Integrating we obtain 

N = N0 exp(-nQx) 	 2.3 

For electron., which carry a single charge, the current I 0 
equl]. to Nov is 

reduced after travelling x cmm through the gas to 

I 10  exp(-nQx) 	 2.4 
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In the present experiment we have 

I (BC) = ] exp(-n) 	 2.5 

where 10 is the current entering the collision chamber, I(BC) the current 

reaching the beast collector, and x the distance between these two points. 

i(sc), the current reaching the scattered collector, Is given by 

I (sc) = a(I - X(BC) ) 	 2.6 

a being that fraction of the scattered electrons which is collected. 

For single collision conditions 

I(BC) = I (1 - nQx) 

I(SC) - al  nQx 	 2.7 

and under these conditions I 	I(BC), so that 

I/sc) / I(BC) 	I(SC) / 10 	&nQX 	 2.8 

The scattered current is therefore directly proportional to the pressure 

for fixed beam current, collision cross-section and path length. In Fit , . (16) 

the current at the scattered electron collector, minus the background current 

i(sc) in the empty chamber, is plotted against the ionization gauge reading 

with argon in the chamber. The conditions were : YE 2  YE4  V 5/G1  50 volts, 

VG 	55 volts, VG = 52 volts, YBC 84 volts, VG 	10 volts, holding 

voltage 15 volts, and V shield 60 volts. The relation is linear up to 

pressures of 1 x 10 tori', whereupon double scattering sets in and equation 

2.8 no longer holds. An operating pressure is always chosen to lie somewhere 

in the linear portion of the curve, which of course may differ from gas to gas. 

2.2.6 Variation of Scattered Electron Current with Beam Currentt 

From equation 2.8 it can be seen that, just as the signal should show 

a linear variation with pressure, to should it show a linear variation with 

beam current, since doubling the beam current effectively doubles the number 
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or collisions collisions taking place. If the boom current is varied by changing the 

potential on one of the gun electrodes then the electron optics will be slightly 

altered, and two factors will contribute to the change in scattered electron 

current • To avoid this complication the beam current was varied by varying 

the cathode-heater current, and hence the cathode emission • Results are 

Shown in Fig, (17) for a 65 .V beam with 2.5 x 10 torr of argon in the 

collision chamber. The electrode settings were YE 2  YE4  VE5/G1 = 65 volts, 

VG2  70 volts, VG 	66 volts, VW = 90 volts, V shield 70 volts, 

VG4  - 10 volts, and holding voltage 30 volts. Linear behaviour is observed, 

as predicted. 

2.2.7. Variation of Scattered Current with Repelling Potential: 

Electron impact spectra are obtained by varying the voltage on 04  

relative to the cathode, and measuring the current reaching the scattered 

electron collector for each value of this potential. In order to analyse 

the data correctly and to obtain from it the electronic excitation energies 

of the gas under study, Raft determined the functional relationship between 

I (Sc) and VG4. A brief account of his calculation will be given. 

Consider a hypothetical apparatus in which only electrons scattered 

through 90 1 y degrees can reach the collector, where y is a email angle, 
and in which the repelling field between 0.

3 and G is perpendicular to the 

beam axis at all point.. When the repelling field is nueerieally greater 

than the beam .n.rgy no electrons can pass through 0 
41

, and the current at the 

collector will be zero; but as the repelling field is reduced to a value 

naserically less than the beam energy, there will be a sudden rise in scattered 

electron current due to elastically scattered electrons reaching the collector. 

The current then levels oft as the repelling field is further reduced, until 

the first inelastloafly scattered electrons have sufficient energy to overcome 
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it, whereupon there is another sudden rise in scattered electron current. 

Differentiation of the plot of scattered electron current against VG  

would give a series of infinitely high spikes at the excitation points, 

were it not for Limitations of apparatus resolution and energy spread of 

the incident beam. These tend to lower and broaden the spikes  

In this hypothetical experiment the transition energies in the gas would be 

given by the positions of the peak maxima. 

The actual experiment differs from the one just described in several 

important respects. 

Electrons are being collected over angles other than 900  so that the 

repelling field is not alimys perpendicular to the velocity vector of the 

scattered electron • For an electron of energy E , scattered through an 

angle 0 , the energy effective in overcoming the repelling field is 

sin  e. Thus in the actual experiment not all electrons losing the same 

amount of energy to the gas will be collected at the sane value of VG 49 
 the 

effect being to lower and broaden the peaks. 

Electrons scattered through email angles will see grids which are 

less transparent than do those which are scattered through large angles. 

It was assumed that the lines of force between G 3  and a4 were 

perpendicular to the beam axis at all points. This will not be so near the 

top edge of G, where G4  protrudes above it. 

Continuing the analysis of the actual experiment for atoms, Ra.tf 

obtained the following expression for the derivative: 

dI(SO 	A IT Q,- 

[ V 
v] 	8j (e,Ø) 	() ]f(e)3 [sin-l(l)J  2.9 

where V(volts) is the potential on grid E relative to 	yE5  - 

is the tètal collision cross section for process i, 
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A is a normal nation constant depsnding on the beam current and pressure 

in the collision chamber = nI(BC)x (see equation 2.3), 

g1 (e,Ø) is the norlieed angular distribution function of scattered 

eleetrons for process is  

f(9) is the grid transparency function for a single grid, and 

E (eV) is the energy of the scattered electron. 

Fig.(19 a) shows the electron impact spectrum calculated by Raft for an 

atom with one electronic state 10., above the ground state. The incident 

been energy um 500 and he assumed that the cross sections for the elastic 

and inelastic processes were the same. The form of g(e,Ø) used is shown in 

Fig. (19 b). The coat form of the spectrum obtained is very dependent on 

g(e,Ø), which of course varies from gas to gas and transition to transition 

see Pig. (3). RafT eonclidea that for atoms transition energies should be 

taken from the onset values rather than the peak aadma. 

A si4lar calculation was conducted for molecules. Fig. (20 a) shows 

one possible set of transitions for a diatomic molecule. Any number of 

transitions between 31  and 12  may occur, the probability depending on their 

individual cross-sections, and the probability density of the ground state 

vibrational wave function; therefor. as V is varied, one is running over 

a continuous set of transitions. 	The value of dI/8c)/dV as V is varied 

fr*_B1) to (E*_E2) is given by 
h (v) 

H_l(  _ V  di(SC) 	 g 
 Exi 	

B - E j 3 [g:in7l( '.B)]n(x)dX 
dV 

-00 

2.10 

where E*  is the energy of the incident beam, n(x) represents the probability 

density of the vibrational ground state, and the upper limit h(V) depends on V. 

The result of a much simplified calculation is shown in Fig. (20 b). In this 

case onset is at B1  and no infinite spikes appear. 
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The calculations indicate that the apparatus will produce peeks at 

nines which correspond closely to the enorW loss for a vertical transition 

from the centre of the ground state to the mmited electronic state. 

Some doubt had, however, been cast on the results obtained by 

KUppermaim and ftff - see reference 77 -, and it was therefore decided to 

repeat their experiments in hoijia and argon. 

23 Kiectron Imct Spectra of Relia end Argon  

2.3.1. Mteriais: 

Both argon and h.lii* were obtained from cylinders (British Oxygen Co.Ltd.), 

and used without further purification. 

2,3.2. Elastic Scattering: 

Being the easiest to detect the elastic peeks were studied first. 

The apparatus ms baked for a short time before Ww measurmeents were taken, 

and the ps flow rete was then adjusted, by means of the needle valve, until 

the desired pressure was obtained. After setting up a beam of the chosen 

.nerg, the variation of scattered electron current with VG A,  we measured, 

while simultaneous records of been current were taken on the second recorder 

in order to correct for aW minor fluctuations. The curves obtained are 

shown in Figs. (21) and (22). Values were interpolated at aa*11, equally 

spaced intervals on these curves &zA used as input data for a computer program 

which calculated the derivative numerically. The method used for neric*l 

differentiation was originally developed by Rutledge (79), and in the present 

case a sixth degree polynomial was Nttd to seven successive points. 

F1ga.(23) and (24) show the resulting plots of dl(SC)/dVG4against VO4  
the vertical line in the bottom left hand corner representing the scatter in 

the derivative introduced by the differentiation procedure. 
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One puasling observation is that the peaks occur at about 1.5eV 

above sero, an effect also noted by Xuppersmi and Raft (72). Since there 

is no sisllar shift in the inelastic peeks the effect cannot be explained in 

t.xiis of contact potentials (the contact potential correction found necessary 

by Kuppeinn and Raft wee only about 1 0,2ev). Raffs calculations indicate 
that apparent shifts in the measured peeks can be caused by the shape of 

angular distribution function of the scattered electron.. Waisa in the 

function can introduce subsidiary peaks, or dips, in the derivative, too 

narrow to be resolved in this apparatus. The sxp.rtzental angular distribution 

function for electrons scattered elastically and inelastieaUy from argon 

are shown in Pig. (25) along with the function used by Raft in his calculations. 

Since the elastic shift 1s observed in this work and in Raft's, it does not 

appear to be a rsMca shift, and the an,er may li, with the above type of 

offset s  although the situation is by no means clear. 

23.3. Inelastic Scattering: 

The Swetruet of Helius: 

A 500 beam we set up and, after obtaining the current against 

voltage curve in the amptycell, the Curve with 8xlO4 torrofheijus.jnthe 

chamber was obtained (Fig. 26). The conditions worst 	VE2  ,= YE/G1  

50 volts, 	vG = 6o volts, VW = 90 volts, 	V33  = 52 volts, holding voltage 	20 volts. 

The difference between these two curves is shown in Pig. (27)9 and 

the derivative of  this,  obtained in the same manner as for the elastic peaks, 

is shown in Pig. (28). Raft's procedure vas then to shift the peaks until 

the tonisation peak corresponded with the optically determined value of the 

ionieetlon potential s  a contact potential correction of about 0.2eV. However, 

since there is ss doubt about whether the peak near 24.6eV is in fact due 
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to ionisation lonisation (see next cbapt.r), this procedure was not adopted here; the 

peak values quoted are unshifted. 

Peaks are seen at 20.1 9  20.9 9  22.9 and 24.7eV. The peak at 20.1 

agrees fairly well with the known value of 19.80 for the 2S state. The 

2S 9  21', and 21P states are seen as one peak at 20.9eV 9  their optical values 

being 20.6 9  20.95 and 21.2.? respectively. The 315  state is seen at 22.9eV, 

in met agreement with the optically determined value. The large nb.r of 

states lying between the 315  state and the ioniution limit are not resolved 

in this instr.nt • To illustrate the reproducibility of the results a 

second h.lia spectra is shown in Fig.(29). Here the peaks occur at 19.8 9  

21.0 9  23.0 and 24.5.?, again in good agreement with known optical value.. 

The Spectrum of Argon: 

The spectrum obtained with a 50eV beam is shown in Pigs. (30 - 32). 

Peaks occur at 11.8 0  13.0 and 15.5eV. Since L-5 coupling is not a good 

approximation in argon, L-$ notation will not be used to describe the states. 

The first peak at 11.8 corresponds to the excitation of a p electron to the 

4e orbital, the singlet being at 11.6 and the triplet at 11.8eV, in good 

agreement with the above observations • The next set of argon levels lies 

between 12.9 and 13.250, in agreement with the second peak seen here at 13.00. 

The levels between this and ionisation are not resolved. In many of the 

argon spectra obtained the ionisation potential was not clearly marked. 

The above results are in excellent agreement with those of Kuppermann 

and Raff, and indicate the same degree of accuracy, about 1 0.2eV, for the 

spectrometer. The variation of relative peak heights with incident beam 

energy should give information on the type of transition involved. As we 

saw in the introduction, the cross sections for spin forbidden transitions 
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decrease mach more rapidly with increasing electron energy than do those for 

optically allowed transitions. However, the error introduced by the 

differentiation procedure used here makes the comparison of peak heights a 

rather dubious procedure. 

The results appear to indicate that states inaccessible by optical 

techniques can be studied by low energy, high angle electron Impact spectroscopy. 

However, these results were obtained only with great difficulty. Random 

fluctuations in, for example, pressure and beam current can, and do, introduce 

spurious peaks. Many spectra must therefore be taken before spurious effects 

can be identified, and in fact most of the results must be discarded. The 

main causes of instability are the two mentioned above: fluctuations in 

beam current, and fluctuations in pressure. These could be removed by 

Introducing servo controlled systems but during the course of the present 

research other workers have obtained results which appear to contradict those 

of Xuppueinn and Raff in some respects, and cast some suspicion on the 

technique. Before going on to discuss possible improvements in any more 

detail, we will therefore pause and compare the results obtained by the various 

methods in order to evaluate the usefulness, or otherwise, of the one employed 

here. 
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Chapter Three  Three 

DISCUSSION 

31. Comparison with other work: 

The two substances whose electron impact spectra may be most usefully 

discussed here are helium and ethylene, which have been studied by various 

workers over a wide range of energies and angles. 

The electron impact spectrum of helium: 

Lassettre and co-workers (see Chapter One) have made an extensive 

study of the electron impact spectrum of h.1isn at high energies and low 

scattering angle, conditions under which the Born approximation is valid. 

There should therefore be an exact correspondence, within the 14idts of the 

resolution of the apparatus, between electron impact and ultraviolet spectra, 

a prediction which was confirmed by Lassettre's work. His first results, for 

390 eV electrons and zero scattering angle, are shown in Fig. (33a) where the 

most prominent feature of the spectrtm is the 21P transition at 21.2eV (43). 

Using lower energy electrons, and looking at 90 scattering, the angular 

aom.ntm forbidden 218  transition was resolved - Fig.(330- 9  some at least 

of the increased resolution being due to greater dispersion of the analyser 

at lower kinetic energies (45). The variation with angle was further investigated 

for angles up to 15 0  (46,50) and some of the results are shown in Fig-03c). 

Lassettre found that at low angles only one peak around 21eV was 

visible, the 21' peak, but as the angle was increased a second peak corresponding 

to the 218 was resolved. Although the scattering intensity for both transitions 

decreased steadily with increasing angle, the intensity for the optically 

allowed 118 - 	transition decreased more rapidly than that for the optically 

forbidden 115 - 218 transition, until by 159  the transitions occurred with 

equal probability. This is exactly the type of behaviour predicted by the 
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the theory (see Chapter 1). The expected variation of relative intensity 

with electron energy was also observed: at 60007 the 215 state was not 

clearly resolved, but for a fixed scattering angle the intensity relative 

to the 2P state increased steadily an the energy was decreased to 232.7 (46). 

In a later experiment an electrostatic analyser was installed in the 

electron source (51). Much higher resolution was then achieved, but at the 

exp.n.e of intensity, which meant that only zero angle scattering could be 

studied. Fig-(33d) shows a typical spectrum obtained with 250eV electrons, 

the 51P  and 6P states now being resolved. Using the same apparatus he wee 

later able to resolve the 3 1 S angular mmentua forbidden transition. 

The helium spectrum obtained by Euppermann and Eatf is shown in 

Fig.(34a), very s111v' to the ones obtained in the present work - F1gs.(28 929). 

The most striking differences between these and the spectra of Lassettre and 

co-workers are the prominent peaks for the 2S state and the first ionization 

potential. In no other electron impact work is ionisation clearly marked. 

Lwettre studied the region around 24.6.7 carefully and found "no indication 

whatsoever of a peak at this voltage, of a discontinuity of slope, or of any 

departure from a continuous curve with continuously changing slope". He 

states that the reason that no peak is seen at the ionisation potential, is 

the low resolution of the sp.ctrom.ter, and its absence is not fundamentally 

related to the scattering process, or to the energy states of the scatterer (43). 

Since the resolution achieved by Kupperwin and Raff is lower than Lass.ttre $ 

one would not expect tham to observe any peak at the ionisation potential, but 

the peaks were systematically present in all their experiments, as indeed 

they are in the present work on helium. 

In the light of other work it some unlikely that ionisation is being 

observed. Doering (82) has suggested that the peaks may correspond to 

transitions to a bound state near the ionisation 11i t. 
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The prominence of the 2S and 313 states might be explained by the 

failure of the Born approximation at low energies. To determine whether 

the deviations from optical spectra observed by Raff are a consequence of the 

low electron energy Simpson and Mielcaarek investigated the forward scattering 

of 500 electrons (77). Their apparatus consisted of two hemispherical 

electrostatic analyser.. The filtering analyser produced an electron beam 

of half width 0.10, and electrons scattered into an angle 0 20 arad were 

energy analysed in the second analyser by determining the amount of energy 

required to restore them to the primary been value. However the spectra 

they obtained - Fig. (34b)- resemble Lassettre's rather than the present one 

and those of Xuppermann and Raff. Neither the 23S state nor the ioniaation 

limit were prominent, leading Simpson and Mielozarek to conclude that the 

deviations observed by Raff are a consequence of the high angular scattering, 

rather than of the low electron energy. A discussion was given by Xupp.rwin 

and Raft (81) who reached the sum. conclusion. 

An experiment designed to clarify the situation was recently carried 

out by Doering (78). In his apparatus electrons from a thoria coated iridium 

fi1.nt were accelerated through a slit into the collision chamber, the 

unscattered beam was collected at a Faraday cup isolated from the collision 

chamber by an 86% transparency grid, and electrons scattered through 9O  left 

the collision chamber via a second 41t, were retarded to 3eV In order to 

increase the dispersion at the sdt slit of the 127°  analyser, and collected 

at a shielded collector. The limiting factor in the resolution was the energy 

spread of the beam from the filament: 0.7eV. Spectra vera obtained for 

electrons in the energy range 40 - 1000 9  but in no case was the 2'3 state 

observed, from which Doering concludes that the 1 13 - 2's transition must be 

at least a factor of 5 less Intense than the ils - 	transition, and that 

there is no great variation of the spectrum with scattering angle. A typical 

spectrai is shown in Pig.(34c). 
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It begins to seem as if the results obtained by the retarding potential 

difference method may be spurious; however the 25 state has been observed 

at 56.5ev and 5C°  by Simpson, )t.nendes, and Mielciarek (80). They found that 

it me 7 time less intense than the 21P state, in agreement with Doerings 

conclusion above • The 23 state was also observed, appearing 5 times less 

intense than the 21!  state. This last result contradicts the observations 

of Lassettre st *1. (P'ig.33o), who found the two transitions occurring with 

equal intensity as low as 15°  scattering angle. Therefore, although the 

qualitative agreement is good, there is not complete agraent among any of the 

workers about the intensities of the various transitions. 

Because of =certainties introduced by the method of data analysis 

used in the present work it does not seem justifiable to put much weight on 

the relative intensities of the peaks seen: the  shape of the derivative curve 

is too sensitive to the smoothing procedure, a fact which must also have been 

true in the Kupp.reann and Raft experiment. However it should be remembered 

that the occurrence and position of a peek is clearly marked by a discontinuity 

in the current against voltage curve. It is only the intensity which is 

doubtful. 

Since ethylene has been studied by all the above workers we will consider 

briefly their results for this gas before continuing the discussion. 

The electron Impact spectrum of ethylene 

At high energies and low angle the main feature of the spectra is a 

continua peaking at 7.66eV - Fig-(35a), r.f.(43) -, which was resolved in a 

later experiment - Fig-05b), ref.(67). 

At low energies, 40 - 75eV, Kuppermann and Raft observed inelastic 

transitions at 4.8 9  6.59 7.7 9  8.8 and 10.70 9  Fig. (35d). The first two peaks 

were assigned to optically forbidden transitions, one corresponding well with 

the value of 4.6ev proposed by Evans (85) for the singlet 4 triplet T _ N 
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transition, and the other they suggest is an angular momentm forbidden 

transition. The 7.7 and 8.8eV peaks agree with observed transitions in the 

ultraviolet absorption spectra, and the 10.7.V peek was attributed to the 

ionisation IWt. 

Simpson and )Iielcsazek obtained a spectroa with peaks between 7 and 

130Y only. They observed no transitions below 7.1.7, or at the ionization 

14M4  see P'ig.(350, and r.f.(77). 

Doaring's results are shown in F'ig.(36). Because ethylene interfered 

seriously with the mission from the cathode, necessitating a such higher 

operating teeperature than normal, and because of difficulties in achieving 

a satisfactory signal to noise ratio, the energy resolution in this experiment 

was 1.2 .7 at best. The major features of his spectra agree well with those 

of S1*pson and Mielcasrek, while there is qualitative agreeeent with Lassettre's 

high energy work. Re doss however see an "uneistakeable" peek at 4.7 .7, not 

seen by either of the above authors, but present in the spectra of Kuppermann 

and Raft. 

Both Doering and Kuppsrmann and Raft found an identical variation with 

electron energy of the intensity of the 4.7 .7 transition relative to the 8 eV 

transition, As the energy was increased from 35 to 50 eV, the 4.7 .7 peek 

became less prominent, and by 75 cv it had disappeared altogether from Rsff's 

"tr. They therefore agree over its assignment as a T N transition. 

Doering does not see a peak at 6.5 eV and conclude* that it is at least a 

factor of 3 less intense than the 4.7 eV transition, in contradiction to 

Xuppermann and Raff. All the workers found a peek at 10.7 eT, only Kuppermann 

and Raff observing a prominent one, assigned by thee to the ionisation 14it. 

The others, however, favour its assignment as an allowed transition to a 

bound state near the ionisation Unit. 
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8arising the position we see that, apart from the 6.5 eV peak in 

ethylene and the ionisation limit in heiumL, all the peeks observed by 

Kupparaann and Raft in these two gases have been observed by other workers, 

there being disagreement among all of them over the relative intensities. 

It does appear that as the scattering angle is increased from 0 to 900 

there is not such a radical change in the spectra as was first thought from 

RaW. work. However, the optically allowed transitions do become mush 

weaker relative to optically forbidden ones so that forbidden transitions, 

masked at nuM angles, can be obi.rved at 90. Doering has obtained scute 

data on N in which he finds that the optically allowed transitions agree 

well with the high energy work of Lassettre, but at energies less than 100 .1, 

and 900 scattering angle, singlet-triplet transitions are very clearly resolved (83). 

There is therefore much useful information to be gained from low energy, high 

angle scattering spectra and it remains to decide whether the 'resent method 

can yield reliable result,. 

The greatest discrepancy between the present results and those of the 

other workers is the prominence of the optically forbidden transitions. This 

doss suggest that, in was way s  the method used here may be more sensitive to 

the occurrence of weak transitions • A possible explanation arises when the 

results obtained by the trapped electron t.chnije (see Chapter 1) are studied. 

Boisan and Miller have measured the electron impact spectra of helium and 

ethylene by this method (84). In their apparatus 93% of all electrons 

scattered from a particular level are detected without regard to scattering 

angle, And their results for helium and ethylene are shown in Fig.(38). The 

incident electron energy scale was corrected for changes due to the potential 

well, and for contact potentials, in order to bring the excitation peaks into 

agreement with optical transitions, the 23S state of helium at 19.82 .V being 

used as a standard • 	Now there is a great difference in incident electron 
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energy between this experiment and the present on., so that exact agreement is 

not expected. But the results b.si' a close resemblance to those obtained by 

the retarding potential difference technique. This suggests that what at 

first sight appears to be a disadvantage of the present method - the collection 

of electrons scattered through a wide range of angles may in fact be 

responsible for the increased sensitivity of the instrument over the electrostatic 

analysers. A far greater percentage of the scattered electrons are being 

collected and therefore the weaker peaks are more easily observed. 

There is good agreement between the data of Iuppsnmnn and Raft and 

that of the present work, except that in this work the ionisation limit  in 

argon is not clearly marked. However, before results, especially relative 

intensities, obtained from this experiment can be treated with real confidence, 

the difficulties inherent in dealing with an integral curve when it is the 

derivative that is required must be overcome. 

3.2. Suggested Deproyments to the Ap*ratuat 

3.2.1. 1!lectrical Differentiation of Retarding Potential Measurents* 

Leder and SImpson (86) have suggested a method by which differential 

spectra may be obtained from retarding potential measurements. They were working 

at very high electron energies (key), but it may be possible to adapt the method 

to the lower energies used here. Full detail of circuitry and psrforasnce 

can be found in ref. (86) and only the principles of the method will now be 

discussed. 

In the retarding potential difference technique the magnitude of the 

current, I, at any given value, E, of the retarding field is proportions], to 

that fraction of the total current due to electrons of energy greater than E. 

The curve of I against E is thus an integral curve of the energy distribution 
00 

of the electrons reaching the collector, i.e. 	I (E) d.S against B. 
K 
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If a MALU &G voltage LY is superimposed on the retarding potential E, 

then the cui'rent I has added tojtan *0 component I whose magnitude 

is proportional to the siope of the integral curye at the point B, and whose 

frequency is the same as that of Av. The process is illustrated in ?ig.(39a). 

Changing E 'while keeping AV constant leads the magnitude of ts I to sweep 

out a difference curve corresponding to the integral curve. A. A  is decreased 

in amplitude the difference curve approaches a true differential curve. A 

block diagram of the electrical differentiating iy.tam designed by Leder and 

Simpson is shown in Pig. (39b). Their retarding potential w as obtained from 

dry batteries and a continuous rotation potentiometer driven by a 2 r.p.m. motor. 

Using this method it would become possible to obtain spectra much more 

rapidly, and the oweedingly laborious and uncertain analysis previously 

employed could be avoided. A further advantage is that by transforming a 

do signal Into an as on., problems of voltage stability are alleviated. 

The disadvantage of the method is that the anergy of the electrons is fluctuating 

within the amplitude of the modulating signal, 0.1 volts in Siapeon's work; 

but the magnitude of Lw could perhaps be reduced, and since the resolution 
of the instrument is 1ftlt.d by the energy spread of the beam, about 0.3 c!, 

the fluctuation may not be a problem at all. Simpson found n o  appreciable 

broadening of the energy profile he obtained for an electron beam from a 

tungsten fi1aent, having a known half 'width of 0.6 cv. 

With the possibility of overcoming the major drawback of the technique 

MIS will now consider whit further Improvements could be made. 

3.2.2. Stabilisation of Beam Current and Pressure: 

As we,s mentioned in Chapter 2, section 2 9  very mW spectra had to be 

discarded because the system became unstable. The main sources of instability 

were found to be fluctuations in beam current, and fluctuations in pressure. 
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Stablisitiori of the beam current can be achieved by using the already 

amplified output from the electrometer in a servo @Vstm to modulate the 

voltage on L4 , and hence the emission. 

Instabilities in pressure can be overcome by incorporating a servo 

controlled noodle valve in the gas inlet syst. A Granville P1111f ps 

Automatic Pressure Controller has been purchased for this purpose and is 

now installed between the Baliers noodle valve and the inlet flange • It 

will be operated by the signal from the ionisation gauge in the gun chamber, 

since the ionivation gauge In the collision chamber cannot be switched on 

during measurements without giving rise to a significant positive ion current 

at the grids. 

3.2.3. Improved Angular Discrimination: 

By splitting the scattered electron collector, electrons scattered 

through a smaller ring, of angles could be studied, while retaining the 

facility of measuring the total current reaching the collector in cases 

where intensity problems are acute. It has been ascertained that this 

modification could be carried out without difficulty by 20th Century Slectronics. 

3.3. 	Conclusionst 

At first sight it appears that the electrostatic analyser is a 

preferable technique to the present one, since higher resolution in possible, 

MA the derivative is obtained directly. However with the above modifications 

the retarding potential difference method becomes more attractive. !ysn at 

present the resolution of the apparatus is higher than arq achieved by Doering. 

It is all a question of intensity. The situation is somewhat analogous to 

the position of 5chuls with the electron trap and the double electrostatic 

analyser. The second technique is the more refined, but because of intensity 

it could be used to study only those transitions with high cross-sections. 
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Similarly, Lassettr.'s work was 11ft.d to low scattering angles, the lees of 

intensity preventing investigations at angles greater than 150.  Indeed, 

in the double analyser experiment only zero angle scattering could be studied, 

even with an electron multiplier in the detection system. At the mach higher 

angles studied by Doering signal to noise probless were severe, and the resolution 

s limited to between 0.7 and 1.2 eT. However, for the purpose of studying 

cross sections in detail the advantages lie entirely with the electrostatic 

analyser techniques. They are inherently capable of the high resolution 

nsces.ary, if the intensity problens can be overcome. 

The above discussion leads to the conclusion that the present method 

can best be used in more qualitative studies of electron impact spectra. The 

positions of many singlet-triplet transitions have been predicted by qt*ntian 

mechanical calculations. 

In particular, Pariser and Parr (87) have developed a molecular orbital 

type of calculation for the electronic spectra of conjugated molecules. Their 

theory has since been refined by other workers and there exist predictions of 

the energies and intensities of transitions in the electronic spectra of many 

hydrocpbons and hster1.cul.es . 	p.ria.ntal evidence is available for the 

optically allowed transitions, but there is very little information with which 

to test the accuracy of predictions concerning the optically forbidden ones. 

The present electron Impact spectrometer, after incorporation of the 

laprovenents euggest.d above, should provide a suitable method for the location 

of optically forbidden transitions in a wide variety of molecules. Collecting 

electrons over a wide range of angles as it does, gives the apparatus a 

higher sensitivity than is possible with the more refined techniques. In 

addition, the variation of intensity with incident electron snerly allows 

assignment of the type of transition involved. However in order to examine 

cross sections, and hence transition probabilities in more detail s  a different 

type of apparatus is required, in which the differential scattering can be studied. 
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The vibrational relaxation time of carbon monoxide has been determined with the spectrophone, 
comparing the amount of vibrational energy lost by collision to the amount lost by fluorescence. 
Using a carefully purified sample a value of 08 sec was established as a shorter limit to the relaxation 
time at 290'K. This result, longer than previously determined room-temperature values, agrees with 
the value predicted by the high-temperature shock-tube data. The shorter values are shown to be due 
to impurity effects. 

Vibrationally excited carbon monoxide can lose its energy by two mechanisms: 

collision, 	CO(v = l)+M—*CO(v = 0)+M+kinetic energy, 

radiation, 	CO(v = l)—*CO(v = O)+hv. 

The relaxation time for the first process with M = CO has been well established at 
higher temperatures by shock-tube experiments 1-3  and the extrapolation of these 
results indicates that at room temperature the rate of collisional loss should be much 
slower than that of radiative loss, whose time constant can be calculated from spectral 
data. 4  This conclusion has been verified by Millikan 5  who studied vibrational 
fluorescence in a flow experiment. Thus, pure carbon monoxide should lose vibra-
tional energy by radiation rather than by collision and should give zero response in the 
spectrophone, which detects changes in translational energy. 6  This is in contradiction 
to the observations of Woodmansee and Decius, 7  but their result can be attributed to 
the presence of impurities shortening the relaxation time to the reported value of 
2x 10 3  sec. 

We have re-investigated the behaviour of carbon monoxide in the spectrophone 
and by comparison of the proportion of energy loss by collision to that by radiation 
have established a new value for the relaxation time at room temperature. 

EXPERIMENTAL 

The spectrophone is shown diagramatically in fig. I. It was constructed from brass, 
vacuum sealed with a Viton 0 ring. The diaphragm was of 30 gauge metallized Melinex 
film and was clamped between two metal rings which were screwed to the cell. Diaphragm 
tension and backplate position were adjustable for maximum sensitivity. The pressure in the 
cell equilibrated by long-time-constant leaks across diaphragm, tensioning ring and back-
plate. The absorption cell was a cylinder 25 cm diam. by 2 c long, with windows of 
calcium aluminate glass (Barr and Stroud, type BS.39B) sealed to the ends with Viton 0 
rings. Gas flow into the spectrophone was controlled by an all-metal needle valve which was 
closed when measurements were taken to avoid acoustic resonance effects in the gas line. 
The spectrophone was connected to a conventional high-vacuum system and the vacuum 
measured with an ionization gauge. When required the system could be heated to 120 °C 
for bake-out purposes. 

The exerimental parrangement is shown diagramatically in fig. 2. A front silvered mirror 
focussed the radiation from a Nernst filament through a modulating disc into the cell. 
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1560 	 RELAXATION IN CARBON MONOXIDE 

Radiation was absorbed by the gas and some transferred to translational modes giving rise 
to pressure fluctuations. These caused variations in the position of the diaphragm which 
frequency modulated the 107 Mc/sec oscillator at the chopping frequency. The frequency 
modulation was detected in a conventional ratio-type discriminator and after pre-amplifica-
tion fed to a selective amplifier of 25 mV full-scale sensitivity. In later experiments this was 
increased to 50 pV full-scale sensitivity. The d.c. output from the discriminator gave an 
indication of mean diaphragm position. The sensitivity of the entire system could be checked 
by noting the signal from a standard pressure of nitrous oxide. 

metal soI 

plate 

Fio. 1.—Diagram of Spectrophone. 
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FIG. 2.—Experimental arrangement. 

MATERIALS 

Carbon monoxide was obtained from a cylinder (l. C.1. Ltd.), mass-spectrometer and infra-
red analysis indicated small amounts of CO2 and H20 with no detectable H2. It was further 
purified by passage through several cold traps at - 196°C, one of which contained pellets of 
alumina, 5  and dried by passage through phosphoric oxide. A new sample of CO was pre-
pared for each experiment. When required, 1 -12 was obtained from a cylinder and used 
without further purification. 
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RESULTS 

The cell was filled with pure CO to a pressure of 40 cm and with the selective 
amplifier at 25 mV sensitivity and 140 c/sec chopping frequency no signal was 
detected until 5 h after filling the cell. The signal then rose to a maximum value over 
a period of 40 h. It seemed probable that this rise was due to impurity molecules 
from the cell walls shortening the overall relaxation time, thus the spectrophone was 
baked for 40 h at 120C after which the pressure fell from 3 x 10 to 3 x 10 -6  torr 
and the pressure rise from 2 x 103  to 4 x 10 torr/h. On repeating the previous 
experiment it was found that a maximum value was not reached after 140 h. The 
sensitivity was checked and found to be unchanged. Hereafter, the spectrophone 
was baked before each experiment. 

Even in pure CO a little vibrational energy will be lost by collision, the exact amount 
depending on the relative rates of processes (I) and (2). With the more sensitive 
electronics it was possible to detect a very small initial signal as soon as the cell was 
filled with purified gas. H2, which is known to be an efficient collision partner for the 
de-excitation of CO (tcoH, = 10 sec at 290'K 5)  was then allowed to diffuse into 
the cell so that the rate of process (1) became very much faster than that of process (2) 
and the signal rose to a final steady value. 

The small initial signal is proportional to the energy lost by collision in pure carbon 
monoxide which is given byfion 1 hv sect cm -3, where ho is the transition probability 
per molecule per second for the 1 -*0 process, 1t  is the number of vibrationally excited 
molecules per unit volume and v is the vibrational frequency. 8  The final steady 
signal after the addition of H 2  is proportional to the total energy loss both by collision 
and by radiation in pure CO, assuming that the radiation density remains constant 
and that the 10-20 % of added H 2  does not affect the absorption process. The total 
energy loss is given by (fio+ l/trad)flihV sec - ' cnr 3 , where l/tracl is the number of 
spontaneous transitions per sec per molecule (31 sec - '). 

For CO,jio = I rcoco 6, where rcoco  is the relaxation time. Thus: 

initial signal/final signal = l/t 	0/lIr_+ l/trad  

At a pressure of 39 cm the initial signal was found to be 15 pV and the final signal to be 
780 iN. This gives the rciaxation time of CO at 290"K and 1 atm as 08 sec. 

Molecular relaxation times depend inversely upon pressure whereas the radiative 
lifetime is independent of pressure. Thus, a good test of the experimental method is 
to measure the initial and final signals at two pressures and see if they are self-consis-
tent. This must be done with the same sample of gas to eliminate the possibility of 
slight differences in the degree of purity. With a pressure of 40 cm the initial signal 
was found to be 30 1N, the pressure in the cell was then reduced, as rapidly as possible. 
to 20 cm when the initial signal was found to be 20 pV. After the introduction of 
hydrogen the final signal at 20 cm was 460 pV whereas for 40 cm it was 760 IN. From 
the figures at 40 cm and the final signal at 20 cm the initial signal expected at the 
lower pressure was WIN compared to the experimental value of 20 pV. The 
probable reason for the slight discrepancy is the impurity which degassed from the 
cell walls during the time taken to lower the pressure in the cell. The impurity will 
shorten the relaxation time and hence increase the initial signal over the expected value. 

In order to investigate the effects of impurities from the walls measurements were 
then made on a sample of pure CO which as left in the cell for a period of 90h. The 
results are plotted in fig. 3. The theoretical curve was calculated using the equation 
for the relaxation time of a mixture o: 

l/tmixture  = 1 - .B/tco_co + xB/TCO_ B' 
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where B is the impurity, probably H20, and XB is its mole fraction. It was assumed 
that B was desorhing from the walls at a steady rate (taken as the degassing rate of the 
empty cell) and that tCo = I x 10 -6  sec. 
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Fro. 3.—Plot of signal amplitude against time; Continuous line is the theoretical curve. 

DISCUSSION 

It is impossible to obtain an accurate figure for the initial signal because of the 
difficulties in the purification and the time necessary to fill the cell after the gas has 
been purified. The value of 15 pV for the initial signal at a pressure of 39 cm therefore 
represents an upper limit to the signal due to CO—CO collisions and thus the value for 
the relaxation time is a lower limit. All experiments were carried out at frequencies 
above 70 c/sec thus energy loss to the walls is not likely to be significant, 6  this has been 
directly confirmed by McCaa and Williams who observed the fluorescence from pure 
CO using a modulation frequency of 13 c/sec. 9  There is probably some re-absorption 
of a quantum before it is emitted from the cell, this will lead to an overall increase in 
the probability of collisional loss and again makes the value of OS sec a shorter limit 
to the true relaxation time. 

The result in this paper is in good agreement with that of Millikan 5  who observed 
infra-red fluorescence in a flow experiment for a period of 02 sec and deduced a 
relaxation time of this order or longer. The value predicted by the exptrapolation of 
the high-temperature shock tube data is around 5 sec and that predicted by the theory 
is around 3 sec'(), both of which are in good agreement with the present result. 

The agreement of experimental and theoretical curves in fig. 3 is reasonable con-
sidering the assumptions made and it serves to emphasize the extreme efficiency of 
polyatomic molecules as collision partners for CO. It should be possible to study 
these effects further with this apparatus and also to study other gases which have 
predicted long relaxation times. It should be noted that the very small spectrophone 
signal from pure CO means that the Luft type of gas analyser, 11  which uses the same 
principle, will only detect impure samples of this gas. 

The authors acknowledge helpful discussions with Prof. T. L. Cottrell and Prof. 
J. C. Decius. 
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The vibrational relaxation times of HCl, DCI and HBr have been determined by a spectrophone 
method. Shorter limits to the relaxation times are 11 x 10 2 , I >< 10 -2  and 15 x 10-3  sec respectively. 
These results agree better with vibration-rotation theory than with vibration-translation theory. The 
results for HCl is compared with high-temperature shock-tube data. 

Little is known about the vibrational relaxation of the hydrogen halides. Observa-
tions of the infra-red emission from shock-heated gas indicate that the relaxation 
times of hydrogen chloride and hydrogen bromide at 2000°K are several orders of 
magnitude shorter than predicted by theory.! The discrepancy is greater than any 
previously found for diatomic molecules, and it is therefore important to know the 
relaxation times of these molecules at lower temperatures. Because of their high 
vibrational frequencies, the room temperature equilibrium vibration populations are 
very low and prevent the use of the ultrasonic interferometer. 2  This limitation does 
not apply to the optic-acoustic method and we have investigated the vibrational 
relaxation of HCI, DC! and HBr using the spectrophone developed during work on 
carbon monoxide.3 The basis of this method is that vibrationally excited molecules 
with long relaxation times (>10 -3  sec) will lose energy both collisionally and radia-
tively. The time constant of the radiiative process, which is known from the absorp-
tion intensity, provides a time scale by which the efficiency of the collisional process 
can be determined. 

EXPERIMENTAL 

A description of the spectrophone and experimental arrangement are given elsewhere.3 
In the present work the final amplification of the spectrophone signal was by a General Radio 
Company Tuned Amplifier and Null Detector, type 1232A. During the experiments the 
Melinex diaphragm was replaced frequently since the gases used, even when pure and dry, 
slowly attacked the metal coating. 

MATERIALS 

Hydrogen chloride was prepared (I) from NH 4CI and H2SO4, and (ii) by reacting HCl 
with conc. H2SO4-  In both cases the gas was dried with H2SO4 and P205, condensed at 
- 1960, degassed and distilled into the spectrophone. 

Hydrogen bromide was obtained from a cylinder (Matheson Co. minimum purity 998 
dried over P205  and further purified as for HCl. 

Deuterium chloride was prepared by reacting SiCI4 with D20. 4  Infra-red analysis showed 
that the gas contained 10-20 % of HCl. This arose from an exchange mechanism with the 

* present address: Central Electricity Generating Board, Regional Research and Development 
Department, Kirkstall Power Station, Leeds, 4. 
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water adsorbed on the walls of the gas-handling system, despite precautions to eliminate such 
contamination. After several preparations in the same system the percentage of HCI was 
greatly reduced. In the later runs DCI was obtained from a cylinder (Merck, Sharpe and 
Duohme), condensed at - 196°, degassed and distilled at - 1200 .  

In all cases, a new sample was prepared for each experiment. 

RESULTS 

A gas sample was allowed to diffuse rapidly into the baked, degassed spectrophone 
and the initial signal found. During a period of several hours the signal rose to a 
steady value. This rise is caused by impurity molecules from the walls which shorten 

i 

1/p (cm Hg)-  I 

Fio. 1.—Relaxation times in HCI and DCI as a function of I/pressure: 0, HCI results; A, DCI results. 
Line is drawn for a relaxation time of Ii x 10 -2  

I/p (cm Hg)-  I 

FIG. 2.—Relaxation times in HBr as a function of I/pressure. Line is drawn for a relaxation time of 
15 x 10 sec. 
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the relaxation time until all the vibrational energy is lost by collision. Measurements 
with mixtures of HCl and H2 (10 %) which would be expected to have short relaxation 
times, showed no such rise with time indicating that the effect is not due to attack on 
the diaphragm. 

From the initial and final signals the relaxation time t was calculated using the 
expression : initial signal/final signal = l/t/(l/r+ l/tra). The radiative lifetimes 

TABLE I.—RELAXATION TIMES AT 290 °K (APPROX.) FOR HCI, DC! AND HBr 

compound radiative lifetime 
(sec) 

relaxation time 
(sec) 

HCI 003 >11 x 10-2  
DCI 012 -.1x10-2  
HBr 015 >l5x 10-3  

(trad) were derived from absorption intensities using the method of Penner. 5  The 
absorption intensities for HCl and DCl were taken from measurements by Benedict, 
Herman, Moore and Silverman, 6  and for HBr from Babrov. 7  

The relaxation times as a function of 1/pressure are shown in fig. 1 and 2 and the 
values for I atm. are given in table 1. The large scatter of the DC1 results is almost 
certainly due to impurity effects, since it is extremely difficult to obtain DCI without 
small, varying amounts of HC1. 

DISCUSSION 

Because of the difficulties of obtaining pure gas samples all the relaxation times are 
shorter limits to the true values, this effect being most important at lower pressures. 
At higher pressures some re-absorption of an emitted quantum may take place; this 
will again lead to a shorter relaxation time. The magnitude of the re-absorption effect 
has been investigated by Doyennette and Henry, 8  who found that the spectrophone 
value of 08 sec for the relaxation time of carbon monoxide 3  should be increased to 
6 sec to take account of re-absorption. The relaxation times in table 1 are therefore 
quoted as lower limits. 

The experimental relaxation times may be compared with those calculated by 
vibration-translation theory. 9  Values of a were obtained by method B of Herzfeld 
and Litovitz,'° using the Kreiger potential function as amended by Monchick and 
Mason. 1 ' The theoretical results are given in table 2 where they are compared with 
the experimental values. 

TABLE 2.—THEORETICAL RELAXATION TIMES AT 290 °K FOR HCI, DCI AND HBr 

compound x (cm') T the.r.c) Ttheor!Texpt. 

HC1 584x 108  65 <59x 102  
DCI 584x 108  16x 10-2  <16 
HBr 59x 108  51x 104 <34x 10 

Whilst the theoretical value for DCI is nearly correct those for HCl and HBr are 
too long, even allowing a factor of 5 for re-absorption effects. The same theory 
gives good results for such gases as CO, 02 and N2, all of which have long relaxation 
times at room temperature. Possibly, with the hydrogen halides, vibrational energy 
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is relaxing by some other mechanism so that the vibration-translation theory does not 
apply. Such a mechanism could be that suggested by Cottrell and Matheson, 12  
involving vibration-rotation energy transfer. This process is expected to be most 
efficient for molecules with low moments of inertia and correspondingly high rotational 
velocities. The hydrogen halides are such molecules, the hydrogen atom effectively 
rotating about the much heavier halogen atom. The vibration-rotation mechanism 
has been treated theoretically by Moore 13  and the results of his treatment, expressed 
as ratios, are given in table 3 where they are compared with the ratios derived from 
vibration-translation theory and the experimental results. 

TABLE 3.—RATIOS OF RELAXATION TIMES AT 290K 

ratio 	vib-trans. theory 	vib-rot. theory 	expt. 

THCl/TDCI 	41 x 102 	1•1 x 10-1  

tHCl/tHBr 	13x 10 4 	25 	 7.3 

The agreement between theory and experiment is much improved, particularly 
for the tHC1/TJr ratio. The theory assumes that rotational energy is continuous 
which may not be justified for the hydrogen halides where the rotational levels are 

I 
0 

0 

(T-K)-1 3  

FIG. 3.—Relaxation times in HCas a function of (temperature) - ' 13: 0,3-0 results 14; (), 1-0 results 1; 
, present work. 

separated by 10-20 cm -1 , and a more refined treatment might give better agreement 
with experiment. 

Results for the 3-0 transition on HCl have been obtained by Borrell and Gutte-
ridge 14  using a shock tube. The v = 3 level of HCI would be expected to relax 
rapidly to v = I by resonance collisions of the type: 

HC1(v = 3)+HC1(v = 0)-4HCI(v = 2)+HCI(t' = 1) 
HCI(v = 2)+HCI(v = 0)-2HC1(v = 1). 
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Thus the 3-0 relaxation time should be effectively that of the 1-0 process which will be 
much slower than the resonance processes. The results of Borrell and Gutteridge are 
plotted in fig. 3 for comparison with the present result. The approximate 1-0 results 
for HCI 1  are also plotted and the line is drawn according to the translation-vibration 
theory. It appears that the shock tube results do not extrapolate towards the low 
temperature result. 

We thank the S.R.C. for a maintenance grant to M. G. F. 
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