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A4 Liqh resolutloh electroh spectremcter jas been-used to

perforz electros scattering. studies with FEoth atomic and

molecular targets. dcrk has béen done on nejative ion reso-

- rance production in tihe rare . gases and on gclarization ¢or-

relatior aeasuremeunts in dibstomic molecules. ’

;-. Ligk resolution metastable e§§§EEE§9§7 fupcfion QeasureF-
ments have uéen;made-ln t he 'déubly_excite&'state région for
§e, Ar and Rr farqets. Cc%pqrisoﬁ of the spectra obtained
sugyests tnat  the gross. features are dde to ncqaéive;ioﬁ

CeSoiahces. Previous technigues waich have proved success-

tul in tie identificationr and classification of resonances
f . b

in the rare yases at energies helow the first lonization

- T

tucesuold are suown to be upplicable\in this. .enerqy region®

-

aiso and assiqnmeﬁts for a number of resonances dre sug-
qésted,' where appropriate,. ccmrarisons have been made with
jatd obtained .oy other techniduesx The modifieé Rydbérq
rérmula hgs been_uSed to predict enarqgies for both ddubly

and triply excvited configuratiocns.

Polarization correlation measurements have teen made with.

the tafqet rolecules Np and Hp.., Io H, the radiation result-

ing. Lrom excitation ol the C1]Iu v'=0 band was studied. in.

”N,L excitaticn of tue Cilz++ v'=0 band was studied. Pseu-
C L u . .

targets and comparisons with theoretical predictions were

pade. © Systematic pclarization correlation data for electron
sCatteriny anqles'up' to 20 degrees have alfo Leen obtained

~do=ihresiold polarizatioh neasurements were made - for these

. . S —iii- ‘ ‘////

-

-



aind prelisinary attempts have Leen made to
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analyze these.
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“on tne order of 500heV tu several ev. Thus, atoulc or mole-

nofore the advent of high resclution .electren Specirome-
ters very little was known about <the finer details of elec-
tron scattecing processes in atcks and nolecules. These

details were - smeared out by the poor ederyy resoluticn of’

siaple electron soudrces. The resolution, or eperygy spread,

-

- " . . b 0 . > ' - -
inhecent in the electron beams preduced by these devices 1s

cular states separdated in energy by say 53 or 1JCaeV could
~ “

not be isolated and investigated.

“dita the introduction of high resoluticn electcon sburpés
and analyzers, this problem.uas siypificantly ceduced. High
r<solution electron spectrcneters are capatle of producing
aud 4palyzinq'clectron teams with rescluticps on the ordé:
of 10 to 100 meV, cnabling experimertal phLysicists to study
clectron-aton and e¢loctron-molecule scattéring in much a0re
dutail Ehan was #dssible perfore. These devices gquickly:

~

found applications :n a variety of exfperiments, ~such as

ejected electron spectru, differcntial elastic and inelastic

scattering measdrements, studies of exc¢itation cross=—sec—

tioas, aad ‘most iumportautly, electron-photon coincidence

experiments. In the latter tyre cf experiasent, it is essen-— |

tial ‘that the tarqui atoms(or mclecules) be prepared in a

well defined-excited state, a task for which the spectrome-
ter is much  better suited tnan 4 sipple electron gun. In
addition to.electrons, ions can also be used with these dev-

ices and this fact was exp;oited tc the full in a variety of"J

axperiments. oﬁe other advanptage of the electron spectrome—.

.

ter is its apility to simulate photo-excitfaticn and photo-



ionization in energy _reqimes'uheré photcn sources Aare noa-
existent or simply not intense “enough to werk flth. These
properties make the high resclutfion electron spectrometer an
tdeal tuol for the stu&y or électrdn scattering using atoﬁiq

1

aund melecular taryets. -

I the present work, th% clectron spectrometer was usgd

1L two diiferent‘ﬁays.r The f£irst was as a high resolution
SOUCC@ ¥ eléctrons to studyv the producticn of metastable
spegiesrot Ne; Ar «nd Kr in tne doulkly excited state reqibn.
Tue iofmation " of negdative ilon cesonances .was examined in
this puase oi the work. The second way.was as a.coqbined
diigh resolution source and analyzer rfor ﬁse in eiectron;pho-'
ton:pclarrzatioh ‘cor:ciation gtudies in molécules.' In the
présgnt_ﬁork N,iand o, weLe usedé as taruet qaées.

: E ’

This work is‘divided into three sclf-contained chapteré.
Cuapter 2 desaribus véhe dapparatus used in the experimentsf
L Jescription of the vacuum system is given, and a detailed
discussion of the electron spectrometer is also presented
Crnapter 3 presents the work ‘dcne on néthive ion_resonaﬁc 5

in the fafc Jases. A discussion of resonance tocmation and
the analysis tecanlgues uséd is first given, Zfollowed by a >
description of the experiment itself, - and‘ihen the resuits
are presented and liscussed. cha#tgr‘.u Jescribes the work °
donu,pu pola:izatiqnlcq:relaticn Qéasq:ements ‘usinq simple
moliecules as targets, - a review of thg atemic &asé is pre-
se#ted iirst, and then the current th;ories for the melecu-

laf case are discussed. DPolarization of mclecular radiation

©



— . _ ' ™

| _5_
at the excitation  threshold  and
. 'pseudo-threshold'. technigues are discussed,

framework used to analyze the.data obtained.

tal " prucedure is described in detail,

‘ " results obtained with X, and H, as target gases.

/

the use of

as well as the

The experimen-—

fclleowed by the



e

CHAPTER 2

THE EXPERIMENTAL DETAILS

-



i

-
1Y

-7= o ,

2.1 INTECDUCTION -

Thié Chaptéer is 'intended'to'bIOV1ue 4 ccmplete dgscrip—
tion of edch comnponent used 1a the present woLx. Iﬁote thét
it contalns information relevant to_both parts of this work. - - -
‘ ' »
sections:

The apparatus can te cateyorized into taree

The Vacuur Systea

(7
(é) he Zlectron Spectrozeter
i (2} Tae Detéctlon Systens .
Each of these cateqgorie .wili be Jiscussed:in detail,
illustrate the construction,

tables to
with the exception

witn dalagrams and
perrorralice and operation of €ack part,
0f the detection systems, which Will be discussed in chap=< .
ters 3 and 4. ' ' , ,

o - ' e
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L
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‘2.2 IHE VACUUM SYSTEX - -

+

The facqum_system is, of coﬁrse,' cozmon to both éxperi;
ments and iﬁvtherefore‘discussed iirsﬁ. Zach component ol
the system, with the exception‘oi the chamber housing the
spectromn€ter, 15 commercially available aund Table 2.i'coné.

alns the relevant in{gfmation about then. qudre 2.1 sﬁcus_
a sChematic diaygraw of the vacuum systea and. itS‘varioué.

components. : .

® \
2.2-1 The Vacuu hauber

‘The vacuuh chamber consists cf a 20% x 20" x 20{\aIUminpm‘
DoX with each‘bf 1ts Six fFanels removable fcr éasy access to
the interior. ™ EFach panel iS'bclted‘ into #laCe to a weldaeid
alaminum framcwork, and vacuum sealing is dene with D;rinq
socalis. Witk tihe exceplion of ‘the top and  bottowm panels,
éacn Qe hhs‘prOVLsions fof--three 4" Accessory pofts, also
sealed witu C—rinqg. As indicatéd' in Fiqu:e 2.1, Eive of
the 12 ports are used to attach the followinyg:

{¢} a4 rouyhing valve directly to the chamber so

| -1hat it c¢ould pe pupped ‘out to the Toreliae

Cie o pfessure wituout having tc ygo Fhrpuqh the dif-
fusion'pumps- i

() « yas inlet valve to leak a target gas iato

the coliision reyicn. This —iﬁletusysfem i3

ﬁlsc attaéhed £or fhé fpréliné>sc‘thaf if Ean

alsc be pumped direetly. ‘

(¢) dn lonizaticn qaugo7tﬁbé to mcoiter the pre#-
surc insiue the clamkter. The controller and

4

b . .



* Yacuum Pumps:
dotary A
Diffusion -

Pressure Monitors:
Foreline -~

Gas inlet -

Chapier -
Isolation Valves:

Foreline -~*

dighk Vacuunm
Gas Inlet Valve:

Traps and Baffles:

Table 2.1
Vacuum Systexm Components

Edwards eD-£60 -
{2) =Zdwards oi3A - (MercuLy Vapour)

Veeco T6-7 Centroller/CV-18
Thermocouple Gauge (V-1330dmTorr)
Veeco TG—27 Centroller/DV—44AN .
Thermocouple Gauge(0-20 Torr)

Veeco EG-330 Controller/is—75P
lonization Gauge

{3) Edwards 1" valves

(2) EBuwards 1/29 valves{tc chanber)

{1y Zdwards 1" Maqnetic(Air Adpittance)
{2) Vacuua Generators 21216 Valves

(2) Bdwards 3SRB6 6" 3utterrfliy Valves-

vacuup Generators #D1471 Neeldle Valve

{2y ®Tdwards HNTH6 Liquid Nitrogen
; Cold Traps-

(2) Edwards DCB4 Thermoelectrically
~ Cooled EBaffiles
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Jjauge tube uéed"is igdicated in Téble 2.1,

‘j' Typical chamber'_pzéssures(uithout-'a target
4a$) were on the orfer’ of 1 x 10-¢ torr.

(1) an'electriCal Leedthrough te  provide power to
2 quartz-halogen heatiny laups, used to keép
the interior of the chapber at a slightlylele—
vated temperatufe.l Ehis was donéﬁprimarily to
reduce the fofmation_cf insulating ‘inyers'on

‘the electrodes in the Spectlcucter. It was

found that opefatinq the experiment w}th the
lawps on ‘1mproved the lony tora stability_ﬁf
the apparatus. ' -

(&) o« snall 'q;aés view@ﬁq pcrt.  TLe purpose‘of
tiis was to be akble to verify Ehat'the bgkiﬁq
laurps wére indécd OpeLatinga |

The éthex 7}porfé were simply _blanked‘&fﬁ and ndt used ia

the present set of 2Xperiments. The top flange has nine

-ACCCSS0CYy ports  which have @elcctrical feedthrouqhs on them

to connect the spectrome'ter tc the outside world. It also

has two rotary vacuun feedthrcughs, one of which is used to

. Lotate o polidrizer, aund the cther to rotate the aralyzer

Chalf of the elec?can~&pecf2cmcier. " The top flange was also

TR

used to hold the entire Lramework of the spectrometer and‘
the magnetic shieldiny bof. Using this dalrangement it was
bdssihlé.td réﬁb&e”-the-eﬁtifé éﬁécfzéﬁéfeﬁ fzbm tAe vacuun
Caamber without disturbing any electrical connections Hef—
Ween the fecdthrou;hs and the speétrcmeter. This‘waé a dis-
tinct advantaye Qnen the spectrometer had to ke removed for-

e



Electrical Feedthroughs to Spectrometér

it e T —

X

M rara o c
T:C. Gauge '
Tube -----
]= lon Gauge
Gas ; . Tube |
Intet - % -~-Vacuum Chamber .
High .~ . " B - ---p1-Metal Shield
Vacuum - *
Isolation
‘Vu’lves\\\ ‘ :
' = N Electricat Féedthrough
: & ]: for Baking Lamps
e [;>—<I ---- Butterfly Isolation-
/ \ / Valves
_ Liquid Nitrogen -
Cold -Traps
.- Thermo-Electrically
— ] — —  Cooled Baffles -
[ e A R D Mercury Vapour
Diffusion Pumps

— —— =~~~ --Foreline Isolaticn Valves

"o,

t--Thermocouple Gaug.'e
Tube

_FI6 2

-

— r'

THE VACUUM SYSTEM

———

To Rotary
Zeol:te Ont Trctp TPump L,
‘Magne B

tic Valve- {

-
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cleaning or installation. of major parts. It should be

pointed out, S however, that kecause, o the foresight in the
design o< the chaidber, it was rarely necessary to remove the

spectrometer in order to WOIX ¢m it. Removal .of one or two

.

0of the side panels allowed easy access to the_épectrometer

£0or @most occasions.

It. was eSsential to the operation o7 the spectrometer

i
thhat stray oSagnetic zields te kept out of the interior of
tne vacuum chamber. This was accomplished Ly enrclosing the-

entire spectrometer in a  kox censtructed frow  u-aetal

. . oL - - - o a e
spnielding. This box was suspended from the top. of the chan-

.
*

per, 4itle four of its six sides removable-mihe}shieldinq hox
was.held Jtogetner with'self-tappinq; -noa—-aagnetic stainless
stécl sheet metal screws. The bottom of ‘the box~wa§_drilied
out wWwith ian array ol OIS'Linch Ciameter holes to' allow the
:interipr to befpﬁmﬁed ei:iciently, geasurements of the resi-
s daal ragoetic iield inside thé chapber indicated tha£ it.was
taicly uniform‘throuqhout, wita a field strenyth of abour 10
milligdu$5; -

2.2.2 The Pusping System

~

The essential elements used to pump the vacuuuw chamber

are l%§ted in Table 2.1 and shdun*in_Fiq- 2-1, S0 only the
following points need to be noted:
"{1) ‘Hercury ﬁapour diffusion pumps weré used to
maintain tQé'Biqh ﬁaéuum,fdr the sinmple reasonw

LY

that ﬁith an o1l vapour fumping system the

pOSsibility exists tnat some residual oil-



2, o

(2)

(3)

- 14—

might reach the spectrcmeter and cause tke

Zormation ©f insulating layers.  These layers

coulu charge up.when eXposed to the electron
oeaxm and, deqréﬁe tte ‘perfcrjance of the
instrument. Hercary, being a conduétor, would
not cause this typg ct problém-l' TO prevent

mercury rfrem  getting into thie collision

reqgion, -a  combination of thermoelectrically

-

couoled balrles aund liguid nitroger cold traps

were used ou each dizfusios pump. The baffles

{

enadied the system to be kept on continuously
for moaths at ¢« time, unlike the sSituation
whicn arises witonout them - the kercury vapour

frcezes on the cold suriace of the traps until

-

there is  none left in - the pusps. when this

happens the entire system nust be shut Jown to
allow the wercury to thaw and fall Eack into
the pumps. With the ;resént systen {and no barc-

£ling) this would happen on a weekly basis,

raking lony term starility dJdifficult to main-

taln.

B §

Nil vapour in the foreline was removed by a

trap containing activated alumina({Zeolite).

This prevented  backstredming of oil. from the

rotary pump into the diffusion. pumps.

The_ﬁoreliﬁe pressurés attained -h& thé totary

puitp were tetween 10 and 20 millitorr as mea-—

sured oy the thermocourle gauge unit.
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Butterfly valves were used tc isclate the
vacuun Chubbel LfIOom the pumping System when it
became necessary to shut the systes  down and

Open it up. Thils alsc prevented the mercury

.,h:égm: dirrusion purps Ircw sSlcwly cvaporat-

inq.,

To prevent the System ZrLcm tucning on again

@fter a power failure . 6 more than 17 secs

~

duration,  an hgastat power féil‘ rroetection
device was used to ccntrél poyé:.to the rotary
punp And thé diffﬁsiﬁn pumps;'.fhe ragnetic
vaive woulu”then se;l.cif tie rctary pumﬁ from
the rorelime, thus‘pre§entinq; oil from.being
sucked lnto the line-anq then . inte the diffuf.
sion puEps. Eithe'2.2 shous“the schematic

diagran. 0f the Agastat ccntrol circuit.



3 THE ELECTKCN SPECTRCMETER

2.;

Sinée Ithe electron spectrometer is tte rost imaortan£
piece of equipwent used in tlie present work, it-iS'worth—
fhile to discuss tiic details of its design, construction and
opérativn. fhe deqiqn OL the spectroneter has,alfeady been

discussed coxtensively in the literaturel!—2, and the material

presented here 1s 4L overview of these.

A gerncral desc;iption of tle sﬁectrometer will lhe ﬁreé
sented first, £fcllowed. by a discussien of the criteria
necessary to.design the device, and lastly, thq opcrgtion
ahd peLLormance or ;hghépect[ometer is Giﬁcassed; Appendix
Z.4 contiains constfhction details other than what is dis-
éqss&d haore.

2-2.3 General Description

[[V]

The spectrometer cons@sts of two indepesdent halves: the
selector, which produces an almost wmon cneréetic electron
beak, aud the analyzer, used to encrygy analyze scattered -
electrons. These are schematically illustrated in Fiqures
2.3(a) and 2.3(b), rCespectively. as can be seen [roum thgse
dlagranss the spectrometer ccn#ists of the following basic
clements: ’

{1) an cléctron source - tilamgnt, grid angd anode;
- The {ilament " is-a heated tunysten wire bent
into a hairpir shape, -and is \hﬁused in a

Stainless steel  hclder which can be removed

from Lens Stack 1 without having to dismantle.
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{3}

o)

{7)

the entire stach (see Aprendix 2.4).

seven 3 element aperture lenses(L1-17), used
fo_fécus the elecfrcn -beam:within the spec-
trometer. Leases L4 and LS-ure ioc&ssed on
the tarqget region,

pingelé apertures (A1-23) pScd to - define the
clucéron beam.  Apertuces AT-A6  are also used

t0 monitor the pLean current at various points

-

in tue spectroncter.
deﬁlector.assemblies(D1—D7) to steer the bean
in the «x dﬁd Y directious, the 2z direction
being definedé by tae heam_itseli(see:Appendii
2.4).
&ringe field correctors at fhe.entrance-‘and
exlt planes of tthe ierispheres. These arc used
to ‘Tatch  the fields of tue [inal leps ele-
ments (L2C,13A,10C,L74)  _ to tae  herispherc
Lields and to correct for the fieid distorﬁion.
at the gdps in the hemispheresi

. ~ . ,
doutle hemispheres (31 and 52}  which epergy
;nalyze the electxon.team, resulting in ‘an
almast monoénetgetic_final beam.- -
a chaunel electron mu;ﬁ;plier, or Channel-
tron(*), éo detect elecifons chttered into
;hehqn%%yéer,- Note that the.Ehanneltron cone

is“n@ 4t the potential cn I.jC. o

e e e 1 o . e . e e g

(¥} Trademark of Galileo Electro-0rtics, Inc.

.
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Figures 2.4 and 2.5 siow schematic diagrams of the elec-
trounics used to contrcl the selector and analyzer, respec-

tively. Tauvle 2.2  lists tae comporents used - in these cir-

cuits, -'Tﬁése circuits are seif-explanatury for the most
purt. Note the carpacitors on thcideflectcrs and on-seme ol
~the-lens elements; these are used. to eliminate 'ripple"vol-
tfqes ard improve the stdb;lity of the elgctron‘beam. AS
will ne Jiscusséd later, it is eésential that t%e hemisphere
'boltaqes( 'tbe hoop vcltages and tie voitaqe on  L2C (or L&C}

te kept at a fixed ratio to e€ach other. To ensure that this
1s the case, the scale power supply is uscd to adjust the
potentlals simultancously. Nct indicated on  the diaarams

are the jacas used to monitor  the potentiaels on each ele-

HITES o A Also, lens clemeuts indicated on Fig.'s 2.3(a) and

nally connected to otker lens elements at the sSpectrometer

itseli. The rollowiny table summacizes those internal con-

nectlounsa

r 1
| STLECTOR ) ANALYZER i
| . : i
I L1a — Aanode. L5A — L4C(Tariyet) . i
| ‘ - — l
1 L2a - L1c Lod = L5C I
| o , ; . i
i L3a - L2C ~L7a - LucC - 1
i ‘ ‘ ‘ ' i
| Liy - L3C i
| |
L 5

4 summary of the materials wused in the ccnstruction of
the spectrometeT is in order ‘at -this point to. give the
reader an idea of what is invelved.
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a
_ Table 2.2 .
. a L Spectrometer Tlectronics )
coteatiometers: . Couris 10 turn Heligpots
vowaer Supplies: " ' w
‘ - o -
Filament Supplys: namida LCS=2-0Z (0-18 volts Rey.)
Contact Lotential: LambLéa LCS-Cc-01 (0-7 vDC Reya.)
Scale Supply: lamcda LCS-2-04 (0-6C vDC Reg.)
Lens Blements: ‘Lambda LPD-425A-F# {(Bual 0-250 VDC..key.)
veflectors: Power One HAR=24-6 (+24 ¥DC Reg.) '
Targyet Znercqy: depeo ABC-100-0.2 & (0-100 -voC Prog-, Reg.)
inergy Loss: _ KepCo HE=2A4 (0-325 vVDC Rey.) ‘
Needle Eias: - Power Qne 824=-12 (0-24 vdC Reyg.)
Voltage Monitor: - dewlett—packard 34393 Digital VYoltmetar
Current donitor: . Reitaley 02 Solid State Electrometer

'/.

»

-
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(1)

(2) -

o

Nolywdenua - used for conponeats exposed. to

the electron beam: lens elemeuts, deflectors,
. . — . . ) -

-fi1eld correctors, and  the hemispheres. The

tacget region was also ‘Constructed out oF this

material., Molypdenum was chosen becauselit. is

non-magnetié, ard is not subdect to oxidation

Qr corrcsicna. -

Non-maynetic stainless stecl - :or lens stack
’ v l B ’ . .
¢ads, support rods, filament heider, leflector
o .

asseablies, the  laseplates{arnd asscciated

-

nardvare), chanpeltrer mountiny asseémklies, as

- . .

well as all screws, nuts and bolts.

Ceramic - for the three lens stack alignuent

rods used ‘in the 4 lens stacks.

. .

4aCor, a machinable fiterglass - used to con-

struct spacers  of qﬁprcpridte length to

achieve the required ‘element .separaticn in the

stacks. = It'was also ts5ed to insulate the
screws holding the .filament, defleczgcs, cor-
rector hoops, atd the lewispheres. The target

region was also mounted on Macor to insulate

it from  the chamber. The " channeltrens were
insulated from their mdunting assemhlies hy
holders constructed cut of ‘this material.

Aluminum - used to"ccnstruct'the ~supporting

- framework whica holds the <spectrcmeter to the

top plate of the vacuum chamber. It was also

qued to construct the mounting bhracket for the

L}

-



R IR - I
: . i "y .
S e -Z5- v e

.target region assemtbly. HC oo T

Electrical conuections te” the spectrometer were made by
s " - -

Spot-welding  wires from edch element to rins mounted .in
insulatinq. blocks attached tec  thoe selectdr and analyzer

ndsepl te S. From tueLe,_; uired wére spot-welded to the

iueﬁtmcouqns on the top. Pldte of- tne Cnamber - Insulation of .

. * P

these connect;ons wdas  done byw-sing tef;dn SIEevinq at the

bpectLoueten, and glass fiber sleéving to the feedthrougns.

~

©

-
N .

To minimize"the'amount of ‘electron scattering frop ths

lens elenents and BDGEtULeb, the drea arcund the holes in

these was  coated wltu a fiue layer of “scot. The hemi-
Spueres (51 - outer surface;' $2 - inncr urfacc) .andwthe
field Porrector hoops were alsag coated with. sout as was the

eutire farget region. : ' °

Tue unalyzer hall of the épectromete“ coald be rotated

agout thoe target region tnrcuqh alcut 93 aeqrees. This was
‘dLCOmp¢lanu ry ‘a rotary ieedthrpugh placed or the axis of

-

rotation on tuae top plate of the chamber. To allow for the
Placepent of a detector iawediately above the interaction

regiou, ‘the Lracket connecting the analyzer td‘ the rotary
feedtirdugh was'drverted through 90 deqreeb near t ie top of

© the chamber. To eusune tnit the rotatlon was smooth, small

teflon pu&s were attached tc thc underblde _of the analyzer

mountLuq dbbLNblY to reduce frlctlon.

The detector was held above the interaction region by a

tramework attached to the suprorting rods ¢f the spectrbmé-'

ter assently. To allow rcotation of tine detector (needed for-
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a_pqlqritition . Seusitive one) another rotary Egedthroqqh,

ofifset [fom the axis o1 totation, * wus placed on

the.top
plate. A sct oL tuq_éedis werc then useld inside the chauber
to couple the rotary teedthrough tc the detcctor:

-
.

2. 3.2 Design Criteriaqa .-

-

‘There are - many thingys which ~ must be taken. into account

RLE N - -

when Jesglgalng any elect:¥n cptical system, and  these are

especially importairt.in tae design of- a adyh r¥sdlution

‘efectron spectrometer. Varicus effects present in electron

. e . . L T S ‘ ,
optics put limitations on the available currept and enerqgy

~

.

capable ol acuieving. The beauty of the present spectrome-
ter lies, ia. the fact that its Jdesiganers {gead and his co-

¥orrers it tne University or® Mdanchester) have expeunded a

yreat deal of time and cffort i1n the task of winimizing

tiese effects and producing an  cptimized design. In doing
50, they heve acccunted for effects which were not taken

duto consideration in previeus designyg, and thus have been

to achleve. very wigh résclﬁtiop electron  Teanms(10- 20

Fiyure 2.6(a) 1is 4 schematic diagram of a- typical elec-
trou.oprical system. _ - The system consists of 4 kasic cle-

’

ments: an electron fource (cathode) : +a combination of lonses
- L . .

.

‘and collizators to ‘rocus the scurce into an eneryy selector;

the energy sclector, which provides the higheenergy resolu- _

~

L

resolution, ‘as well as beam definition, that a device is )

tlon: and anctuer set of lenses and collimators to focus the

-d - -
s ) .
. . ) N

N
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‘final bean Lnto the target reqlon. The qoal iz designing a

. ‘worklng ;ybtem is tc prouuce the maxlmum current at the tar-
jet for & glven target ene:qy and enerqy -resc;utlona in
3Jult10n tne tarqvt hbeam must Le spatially well defined, and

" the ybtém ahould be able to xeep the se prop erties cocstant
ior.a_gldc ranqe of target energies;' We shall first discuss
the cffecté Fresent. ia electron _optical sy§iems'which ;lace

corﬂtralnta on  tn¢ design parapeters and the 'qualityl of

the final elect;oh ream. TLese are:
(1) kemoval of electromns by defining apertures and
.. - S _ et

v

N : . . the eneryy selector.. : B ..

(2) Spatce thdtqe repdlﬁicn anﬁ_‘;ntefreiéctf;ﬁ:
. ) interactions. | : - I
. . . 13) sun iimitations.
- {4) Lena,'éollimatoz and ﬁeﬁlectoz qbgt;atiohs.
(5) Abélra;iogs_of enerqy seléétors.
N (n éemé#al of Electrons ﬂy Aperturés;apd the Séieétér

Lt . N ) . . . . .
A necessary part of any decent electron optlcal systen. is

v ’ : - - . -
. e

re used’ to‘spafially aet1ne~thg electron” beam. quure

o

. .. L s . - -. - . ‘ hd
S 2.6({b).spows a typical sct of d2flning apertures. As can he

scen, this.set.consists of a window to limit the diameter of

-

the peai, and'a pupil to define the beal angle I and the

v

t

punvl; anqle 8 As we shall see‘lhﬁer, these -angles play

;mporLant role in the proper jesiqn.of the system. = The

coll;matox ulLl remov;.electronc frcm the beam, so that not

~
-

all'elgctrons emitted by the cathode w1¢1 reach tue selec-

L tor. This kappens in two Wways. ' First, electrons which are

-

.one or more Sets of de;lnlnq apertures or cc¢11mdtors unlch'

s
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enitted toc far frem the bear axis will 'sinply be screened

i

momentun

out,-and second, electrons which have a transvers

waich is  toc large will ke stcppéd'by ‘the fimg they rdach’

Cthe cblliﬁator. mﬁcaUSg of this second eiiecf, the‘collima—
tor will alter’lthe enerqy distriautioﬂ or electrons in‘fﬁe
bteaam, a fact which was not cocnsidered in,pre?ious,desiqns.
'dcfore‘discussing tuls aspect of &ollimﬁtors, e must exa-
wine fhé relatioﬂship vetweer Leak energd, team radius gnd'
tie beam pencil aﬁqie- '
?

Ite alove mentiorned quantities are reiated to eack cther

£§ the Helmhcltg-iaoranqc equation:

| \ | rEy?sineP’e cénsr. “ ...1‘ | (2.3.1)
Tuup,‘ for the schematié diagran ‘pf Fiq. .2.6(d),‘ equation-
2.3L1-qivus: ' } | ]

-~

i}

r. (F

. EV2si
L‘KrK .::.Ln&K g (Fy

+¢ s1 = L +oV 251 )
‘CVS)?chnss- ro (Eg *e T)?ﬂsxneT

where:

-

Ty is the radius i that part of the .electron source
which is fainally imayed at the target.

E. 15 the bedm energy at the cathode.,

K
BK is the Leam pehcil anyle at the cathode.
Lgis the beam rav the selector entrance and’

- . . -
-

exit.

Ve 1s the potential cf tne .selector regicn(witn respect

to the'cathode).-
6 is_tye'pgn;il_angig‘ét tge selector.
r.. is "the beamiraﬁius at'the'target.
V. is the target p@teﬂtialQ

6. is tnc pencil argle at. the target.



-31-

Note that equg;ion. 2-3.1 iﬁplies that the gpencil anqie cal
hever he aadéharsit:drily smwall, ana therefore the angular
dive;gguce qict§e”5cum, QﬁfBP ui;l alwgys He ﬁon*zérg: " Jhen
usiny cclleators-eéhation' 2-3.1 must always Le kepi “in

@aind. , ‘ : ' v

heturning now to tue effect that ccllimators have on the
energy distribution of the electron bpeam, Fig. 2.6 {c) shows
) ‘ ’J. ' .

tuis.. Curve (a) on Fig.. 2.6(c) is the (assumed) Maxwellidn

distrisution of electrons emitted from the cathode at an

- elilective tempecatute-TK. - Curve (b) sahows the distribution
after passing tarouygh tag ccllinator. . This is obtained by
de{ininq a ¢ritical eneryy, EC, given Ly2: )

’ , 2 . 2. -
eV _ M _ sin” 0, oy . :
o 2 . ,
< B =TT Ty m2sinZp (2.3.2)
c l-—MzsinZB ST T
T T
WhaDe HT =rT/rK ;5  the linear magpnirfication at tho tardet.

—

dlectrons with eneryies Iess'than;'EC will be transmitted by

l ) ) Ry I
the collimator, whereas Only a iraction ¢ the electrons with

cneryies greater then tirls will ke transaitted. This frac-
tion is Jiven oy: " T o
—

o i eVTexp(-EC[kTK)
coll E. + gVT

C(2.3.3)
C

45 can he seen fLrom Fig. 2.86(c), the encrgy distribution is
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altered s

*

-y

iquificantly by the ccllimators.

Two edditional —rpoints about .ccllimators should bhe

tioned:

S

3

-

nen-

If aore than onc set of defininyg apertures are

used in tie system, thke energy distribution of
the beam should be determined by only one set;

the extra collimators and thefir image sizes

* should be larqcr'than the primary c3llimator

,and its image. - If this is not done, then the

ceinter of the beax will be 'briyhter! than thne

<

vdges (vignetting) and as a result thele will

Le an uianecessary lcss of currenta.
1t is desirable to .place the primary collima-
tor a4s Soon after the cathode as possible, and

definitely before the energy selectof, . to

‘reduce the effects cf toe much current at the

saledtor entrance. ilsﬁ, placlnyg .toe defiuihq
@pertures eatl& in the systew has the advan-
tage of Qtartfnq with a well defined beam froam
the beginning, whichu will reduce tné effects

of aberratious later crp ia the systen.
I - . . . r

. -

Tae eiaergy selector also remecves electrons froam the bean,

. +

so that not alil electrons entering it will reach the taryet.

. r

‘Blectrons whose energies are tco high <or too low - will not

sts through the selcctot-i;e. the seléctor ﬁi;l Bnly pass

¢

an energy Ep + AE. Curve ¢ on Fig.  2.6({cC) shows the e

nerqy -

distripution-or tie electron beam after passing through the

*

. . .
~

. 1
.



uemispoerical eneryy selectors " In the past Eo'uas taken to

Le = =kTK’ the energy of the maximum in the Haxwellian dis-

. . tribuation. Clearly, tue pres&nce oi the ccllinator changes
tiis, especially when Eq and AE are much less than kTK. The

. . - ) - . N o - . - *
mean -eneryy transwittea ty the selector i1s lustead EC' and

the fraction of electrons trassmitted by the selector 1is:

. ) (Eo/kT ) exp (~E /KT )AE

—— (243.4)
sel (1 - exp(:EC/kTK))kTK S

The transmission of the entire system 1s the product of the

collimatour and selector transsissions, and is:

E Eexp(-EC/kTK)

t;ans = : (KT )2 | ' [2'3.$1
. K’ .
Lo# AE <KL EC._ As ipdicated kty eqpation 2;3-3, the fractigm
’ . o:‘ curreat fransmitted ty the seleétqr igcréascs as AE
) ?l iqcred§es. 'Fér EC <§“£TK,_equation 2.3-4 can be written as:
u; - _ Ege1 T a - Eéi)f%;f
. ; ” | . . |
o Thus a siight incieaSe in, transmission'dan"be gained‘ by
decreasing EC’ but{éhpwﬁ latérJ!.EC anﬁ AR a;e pcop;rtional,
S0 Ea ;dhnét.be reduced too far.
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{2) Space Charge Repulsion and Inter-2lectron Interactions

¢

' The electrostatic repulsion letween clectrons in the beam
rus two eifects: on the spatial distribution of the rtean,.

and on the energies of individudl electrons ia the bean.

The repulsion between electrons means that a4 lens cannot

focus the electron Leam %o o .FCint on the 'optical! axis of

.
-

tuce system(og- ahywhere; Lor that‘matter);'i.e. the beaﬁ
' ' 4 . .
ridlus Cau never be zerc anywkere in the system. The,beéﬁ
tudt can bt achieved is-iOCUSéinq the bean _té'some ainimum
Tadiusb, which dépends in ‘a Ecmplex wWwayY on the initiai
redius, © the bean current, ithe dis;ance irﬁm the lens, and
';ycAbuam Cneryy. _Alternatiiéiy, this can Le viewed as put-
ting a ccustraint ou the idxiﬁun.'amcunt GL current thét can

Le passed through a radius L, at a distance z away from. the

leus ror e yiven pean cnergy (determiaed by the beam voltage

vy arnd initial tean ralius Ly This maximum -current is
given oy: L _ T .
- ) - 2 ) “ . . |
38.5 x 10°° _3/27¢ - |
- Tnax = In¢r. 72z Y 1 L (2.3.6a)
* Ty /2Ty =| . _ >
- ' . i - X : . ) -«

. .

© whicn is  accurate to ahdqt 20% for 0.0C3% $.r,/rq £ 0.027

aund ‘ 2

o - 9 ' ‘ ’



N N .
. . 2 .
1 = 38.5 %10°°(0.3 + 3.7—2v3/2P) (2. 3. bDb)
max : T
\ 1 z ‘
«nich LS accurate to about 205 for 0.04 < r./C, < 1.0. The
expression used iln past designs is:
< 1 =385 x 1078 v32 (2r_/2)?
max 1 . ‘
v ot . .

.

whicu 1s the maximum amount of currént fhat can' ' be forced
turguqh 4 tubce of lenqté z and radius £;- kead et alz? point
out that this 1is simpl? not a@ﬁ%pate enou.ghh to account fof
aLl QL tn; Space charqg rcpﬁlsigﬁ, cand does not aqree with
ckpezimentaléy Jdetermined. ddta. It should glso De-nOted
that the olnimum radius uE:the team is alvays sﬁbﬁect to ;hc
‘cuﬂSLLaiuts imﬁosed.‘ by the Heimbcltz—Laqrgnqe aqua-
tion(2;3;1)-

.wTheveiipct oL inter~elecircn iuteractions can change the

R ' _ .
cnergies ol inudividual clectrons; .This results invan anoma=-
lups energy spread in‘the- keam, khown as the Boersch efiect.
Tnis enéryy spread is q;ven Ly: : . <

- .

B ) o . o{2.3.T)

AE_ = - x(Ir/Vl
ro,_ .
P i
..
wanece X{(x) is a function which varies from about iD-10 for x
= 10-15(SI units) tec about 3x10-6 for x = 109 (SI units) {see.
graphs ia  ref 2). This éfiéét ‘can be neglected at the
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)

" selector <atrance since it will te wucn smaller than the .

‘raturdal!' enerqgy spread in the electrons ceming from ‘the
cathode. After the bean lcaves the selector, however, this

LUSt pe taken into account.  For example, sSuppose that tue

‘Linal set or lens elements is rathec . poorly designed, and
that ‘tne beam radius at tne target is 0.5mm,  the pencil
angle is 0.025 rads, and I and V¥ are such that X  has the
- : : . . . ¢

Vaiue.10—7.' The Zoérsch enérqy spreading is then '8 nevV,

which is certainly vecu-pegligitle il one desires final ress-

-
.

lations of 10 or 20 aeV. Thus the selector to taryet lemns

System must ke ‘designed to keep this 2ffect at a minimum{l

.

~or 2 crders of magnitude lower  tian the above examble would
do nicely). T

-{3) Gun Limitatioans

Space charge effects also put a liait on the maximug-.curc-
rent that dan be oktained f{rom a rlane parallel diode
arrangJemnent. This is given by:

.

.

‘ -6 -2 .3/2 -2,
% 2.33 x 10 © 4.7 V7 (ampm %) - {2.3.8)

.\‘ |
“where dK is the distance Letween the cathcde. and anode and

]

,VA is tie anode potéptial. This then also liwits the avai-’

Lr

laple current at the ta:get; .qivén ;by thejproﬂuct- of tae.
transmission of‘ the'system_"{équation 2.3.5) aand equation
2.3.3, .in the absenée oL oﬁher ef fects. There is not much_
.oné%cgn do to_oﬁerécme tﬂis limitation. 7Thé maximum‘cuffent

can be increased by makinq VArlarqe and-dK'as small as pos-
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sicle, and the use of a triode arrangement will improve the

situation to some deqree.: This limitaticn on tne system, =

hovever, = is less importaut than liuwitations from other

-

causes. ' ' ‘ & - .

{4) Lens, Défleétor and Ccllimator Aberrations

~~

Zlectrostatic lenses and associated elements introduce
.aberrations into the electron team which have the erfoct of
increasing the size, rteam angle and peucil angle throughout -

. the system. This results in a dless well delined beam at the
target, <a loss of cucrert, and- an incrcease in the overall
. ) . | _ : ]
' enerqgy spread in- tae Ceaw.

As in lignt optics, electrou, optics suifer fros spherical
abérrfation, cona, astiymatism, curvature of rfield, and other

ilstortions as well. These akerrations are mainly due to’

non—uniféxmities in the lens tields near tie edges of the
¢lements, as well as the inability of the lens to focus the

beaw to u poipt. Thus it is desirable- to keep the beam away
from the edqges of tue lens eledents, .L.C.,

.

diaseter wuch larger than the bearn diameter, and to make

to make the lend

- Iy

certaiu that the beam 1s on the optical axis.

P

Lens ‘aberrations are usually discussed -in terms of a

quantity called the filling factor of tae leas. Tiis 1is

.
]

defined to be therratiosof‘th§<beam diaﬁeter'inside fhe lens
to tﬁe'lehs-didmeter. The'spﬁerical aberratiqn of a two-
elenent cyliader 1ensé for example, -@ue‘to-tﬁe:filliné fac-
ﬁof(n) ié‘qi?en DY

4
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Ar/D = 0.ln3

where Ar is the radius or the 1image disc on the axis due to
the aberration of a point source, aud D is the lens diape-

-~

. tuerl. For real - objectg, the abérrgtion is qengially auch
WOL328. “?he lenseS‘used~ig the hrgséﬁt =“eutrometer are all
'3 elewment apertu;é'lenses,’ and the aberrations ¢f tnese arée,
ﬁsu?lly greater than.thosé Qi 2 glem¢n§ lgnses, partigularly
ii the center elemént is at a- lower potential than the Ethe:
twd. -Thué' tﬂe center eleﬁent of a 3-elémén£ lens should
éiways?be operafed‘atra highe; pctential than the duter eler 
pents. T@F.éberrations of varicus types of lenses ééve bégn
tabulated LV'Hdrﬁin§ and Read®, and this- reference can bé

used wuen ieslqnlnq an electhcn -optical system to deteraine

.

tne dDLrEdthhb of 1Cﬂb clements that cne’ cculd expect.

it is immedidtelj clear that a defininq aperture has a
filling factor ;f 1.0 by definitior. . Tils nas two importént
consequences: one, that a leus.éannot also be used as -a
definiqg .aperture without int:odudinq severe dberrations

nto the imaqe, Qnd two, uexlnlnq appftures must be placei.
'in‘iielﬁ—free reqlcns lest"they act as terribly aberrated
° )

lerses. 1t is also duVlSdble to place defining apertures in
reyions ol hiqh potential, where the beam eneryy is large,
to-f&rthep miuimiie thg eifécts oL any aberratioﬁsfthat may

CCCUr.

Deflectors used to steer the beam witkin the systenm can
also cause abercations if the deflecting vcltages . used are

too alghk. Thus the maximum deflector voltages should be

L

. ' ' ' .
”~ .
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K . - - .
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_kigh enough to be able to push-the electron bean around, but

. - -

not so high as to- distort thegfiqlds around them: -Deflec-

tors should .also be-placed iu field-free regions, and 'to

minimize any field.distortiom,’ ’ the deflecting potentials"

LIS I .

(5) Aberrations of Emergy Selectors =~ -

- . o . . v v . =

vshould fidat. on tof of the polential ¥ithin the region. «.

-

ani, .

|

Zpnerqgy selectors suffer Ircm what might be called 'tho—'

mai;c' aberration, in that differeg&;enerjies are focussed

at.different points 1n tre.-exit Flane 0i' the selector. _Thus

f

“a.finite energy . spread will still remain in the firal bean

after passinqﬂthﬁéﬁgh'thq@sélector- . The base-width of this”

eneryy spread is given by2: - R g )
' : s n 2. . g I - |
= S ) + ’ - . 2. ‘-9 ~
AEb FS(aLS + BBS Yéﬁ? - Z ( 3. )
.' -
.2 e
where: : . . . .
Bg &5 'the bean energy at the selector entrancef{also
called the dﬁaljsis enerqy) .. '
Lg is the bean radius in the selector. e
- . :- . \
‘L. is tae distance in a straight line Letween ‘the

S,

selector cntrdnce and exit positions.

-eS'¢S are tne nal: anqles or ﬁhe Lean in~two‘pe£pendi*

ular dlrectlons at the selector entrance.

-

+
» o G

'qeometrv. .

‘-

The Lolloelnq table lists thé values of’Lg, u B ,n and 'y’ for

-

various types oz,se¢ectors;

v

Q. B and Y are constants vwhich depend op the selector -

-

P



-ui-
"...‘ ‘.‘- . ) . . ‘ . ' . ‘ ~
{SELECTOR: TYPE = - L N 3 Y . "o 1
L180'deqre§';; ) < o - . i
{Hemispherical L 2R : 4.0 1.0, a 2 1
. ' ‘7 ) . ) L . . . . o . 1 1‘ ‘_
} 127 degree . - S \ o |
jCylipdrical 1,795 7.2 1.33 1.0 0 200
.- I . '-‘ .. ) . . ’ - ) . jl_: ' . A_l
.- . lfaralicl Plate . o ," 1
ijdicrer . B N 4.0 2.0 1.0 2 i
i : ' - ) o [
iICylindrical Mirror o ' S i
iwith 2nd order focus 3.35R* €.5 .5-.54° a3 0
l o - T o : T ' i
| E is the mean radius or the ereit.’ R -5 L |
{ R* is the maximum radius orf the orbit - : o
. i . L) [

Froz this taile it is .clear that the Eéﬁispﬁg;icdl analyzer

!

is a gyooud cholce for an eneryy selecto:;_ The energy spread’
. .. . ] i ) f" '.-"‘
for this device is: = . ' Lo
- .
; g 2 ae? o
= — + ' . 3. -
AE, = Eg(2% Bg) . ) (2.3.10)
Tius, for a fixed ry, B and‘Es,. it'iS'desirable to make 6y

the anquiar divergence of -the beam, &s small as possible.,

This c¢an be done by arranging that tie beam angle 1is

Zerd; i.ea uSind"a real Wwindow and a uiftual(at infinityf'
pupil before the selecior. Tken GS will ke ﬁiven by the
pencil angle of the "bean. Since.es,ﬁ‘ré and Eg are-related

by: the Heihhcltszaﬁranqe equﬁtion; rs Cannot be made arbi-
trarily small, so it is also desirable to make R>>r -

The ‘quantity that is té be cptimized at the target is not

the base width of the final -energy distrcitpution, but the -
PN . - . . .o . - L P : - e L - .
FWHH. This is not quite cne-half-of the base width, but is

_given by:,.
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spheres. This is duc to the fact tnat half of each sphére v

S Y | ‘
BEyyp = ?sgalszs * B1)28g) - (2231

.
,

%

. : " - ’ ‘ "
where a,, and - B, , -are emctirically detersined vparameters?

.

walch depehd pﬁ the ratic of 895/(ars/tsr. It turns put"

Taat Qye is about ejual tc'u/E} but By < B/2. : ) Coe

.

The hemistherical encrgy selectcr alsc suifers from aber-

rations due . tgo friuwge fields .in. the yap between the ﬁeml-

is wissing, anbd- this sust be corrected somehow $o ‘that the

fieléd irn  the gap has the  proper 1/r dependence around the

pean-orbital radius, of the team. -This is done by sctting

N

-the potential of the last lens elezent to the mean enerqgy of

tie beam in the -selector aund ty introlucing correction ele-

pents to nodify the field in  the gap.  This will be dis—

i

.

cussed in greater detail in the next secticn.

(6) Optimization :

e
. . P .

daving discussed the varicus details of aberrations and

limitations inhereut in an electromn optical systémn: it is
clear that _ these eiffects ‘are interrelated in sone-coaplex
fashion. ., Thus the eifects cannot be considered and minim-.

ized inuependently, but scme sort of optinization wmust be

periormed for a given ééf of specifications 'of the Systea.
rhis-has‘been very carefully and thoroughly done by ﬁné H;n-
chééteg‘qiouﬁl, and has resulted iﬁ_:géeétroﬁélef?systéms
such as the one used iﬁ this werk. 'Therf0cu§Sihq-pcoperties

o1 various types o: lenses have also been tapulated by Rart-

=
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-
.

be used in coajunction
A

the optimun
L/

.

.Reé&f and these tables can

I3

ing arnd
with the principles discussed above to design

ysten to meet one's requirements.
Desiqn of the Present Spectrometer
. ¢f spectrometer: .

secticn to

.’ . ) . ) ‘
\ iitlis worthwairle to cxamine the design
\usgd ;ﬁ 'tﬂfs'wofk‘in the lidﬁtrof the previous

A ccmplete discussion 6f
will be

-

vy an overview

wihee iLow it has bewu Optimlahld-
N X
. -7

this car 'be found ir ref. .1 .so .on

Cogiven here. '

N N
uied here to .
N

.Lens Elements

© .. A'srief discussion of taick lenses is incl
“y , . N ] -
proeviide u basis for understanding ,the matcrial that follows.
~Eigure 2.7 shows a representation of "a thick lens. As indi-

cated, . PFy and PF, are the first ard second principal foci,

PR
Fr, aad EP, are the first and sedondiprinqipal planes, and =
£ and ¢ are the object and image

15 the reference plane. P
: d;stauccs, tespeqtively. As in light optics,‘tﬂe relation-
N : - : T o . _
5ilp Letweeh these guantities is given by: | ‘
'(%_Fx)(Q‘Fp) = i (2. 3.12)
({2.3.13)

age

R .
~and Lhe linear magnification is ‘given hy:
3 , oM = —E/{EFy) = —({u-Fs) /L
The behaviour of  these lenses is determined by the volt
element.  Figure 2.8 (taken fronm

ratios between - each lehs
’Eartinq_agd Kead®) il;u&tratﬁs this .for a typical 3 elezent

aperure léus.
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Selector: £:§5'Stack 1
’ ~

*

Indicated on this diayran are the voltages applied to

leus eleusent (calculated for an analysis energy of 2.0

_the diameters of 4il apertures, the spacing beiween

-~

element, and the calculated ckbject and“®mage distauce

each lens. 'Several points should be noted about the de

(1) Tue electron - Source consists .-of. 4 Eilament,

Jrid and an anode, a triode configuration
instead oL -a simple Jiode one. This enables

one to extract scmevwnat .mofe culTent rfroam the

‘cathode than would e possible with a diode.

4 schenatic diagram of Lens Stack 1-is stown in Fig.-

eacn

eV),
e4Ch

s for

siygn:

Tne presence ol the gyrid, however, means that

the eifective positicn of the object is somew-
~hat i}l deriaed.  Fecr this reascn, two overn-
\ : . .

3ize apertuires are placed before lens. L1 to

Limit the size of the .beaw aud avoid problems

caused by ovépiillinq that lens.

-{2) Althouyi a sinyle lezs could have been used to

imaye the source ontc the hemisphere's ent—

gunce piane, this would have meant tuat one of
the-defininq dpgrtufes'hould not be in a field
fr;e region. _ Thus' tvo lenses vere used
instead. Lens L1 idcusscs the source onto
dpertu:é a1, and L2 focusses Al into the hemi-
sphefes. XEG:ture AZ is placed at the first
fbcal point of LZ, and is imaqed‘at infinitf.

This ensures that the Leam angle gcing into

[ B
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. _'.... . - s ;
the healspheres is zerc, as reguired.

(3) The center.elements --cf lerses L1 and - L2 were
operated - at higher potertials  than their

-

A . - L N . . ’ -
respective  outer elements to minimize len

i

‘

aberrations. Tpé pctéqtiéls on L1A, L1C and
“L2C Were usually xept fixed, and focﬁssihq was
done by varyingy 112 apd’ 12B. = This also pro-

B

vided scme zrecedcm cf adjustment to correct’

P
. .

Eoy. space.tharqe.‘efjects; minor mechanical.
. miguliqnment, and to uinimi@e aberrations at
the hemisphege eﬁtganbe piahg: |
(4) Witi the diametgz of “the definigq apertures?
Lixed at 0.5 mm; the pehcil anqlé'ofltne bedy
at the‘enerqf selector was 0.037 rads for the
‘lens potentials indicated~ on Fiy. Za3-.

Selector: Lens Stack 2

A scaedatic diagram of Lens Stack 2 is  shown in Fig.

2.10. As indicated on this diagram, Lens .Stack 3(on the

atalyzer) 1s the.mirror image of lens Stack 2: that is to

say, Lens Stack 2 works the sameé way as Lens Stack 2, except

in reverse. This can be done kecause electrostatic lenses

. . .
are symeetric- with respect to time reversal operationss.
Lens Stack 2 is designed te provide a  well defined beam
at the target for a wide range of final energies.  Again,
two lenses are used to ensure that defining apertures are
always placed in field free regicns, and also eliminate tie

problems associated with placing a defining aperturc too

l
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ciose to the eneryy seléctor. =~ It Is also diificult to
maiotuin the beam qguality at the target with a single lens

qud'stiii'ne able to 'zoon' the final energy. Yote that the

selector exit plane ;s'imaqed cnto aperture A4, and aperture

el

3_is imaged at the target. Aperture A3 is placed at the

sceonid Local point_oﬁ L3, and this quaredtees that the beanm

augle a4t the target 1s close to zero. This arrangement in

-Lens Stack 3 also euasures that the peam angle going into tae

L]
~

hemispheres is zero.

The -last leas on the stack, L4, (first léns on stack 3 of
‘ o ‘ : ./ i
the analyzer, L5) operates as a 'zcem' lens. ;}uﬂlll oper-

"ate over a wide r;dqe of target energies{up to 100 eV) waile

keeping the final ‘heam_;répe;ly focussed at the farqet._

Calculations have icdicated that the lens properties remain

constant for ‘¥ (L4C) /¥ (L3C) > 1.5, p:ovidgd,v'(ma)/v (L3CY is
Ccu0sen properlylis, This‘is shewn in Fiq.l'2-1ﬁ, taken ﬁrom.
ref. 1. |

one addi;ionél _pcint.gbout Lens Stacks 2lahd 3 1is that
tuey were desigued e minirize the Boersch eneryy sp:eédi;q
at the target, making it negli@iblé comp¢reﬂfto thg desired
resclution. At a-tarqet eﬁefqy of 50 ev and‘a Eeam Cuﬁrent‘
__/oi. 1aAa, the‘BoerschAenerqy spreading is ¢n thé crder of.0.0i
‘meV for this sbect:ometég. -

'Anélyzer: Lens Stack 4

Fiqure 2.12 . shows a schematic diagram of Lens Stack 4,
. used to focus the exit rlane of the Lecispheres. iuto the
chaaneltron. A single lens is sufficient for this, since .at

f.b‘

4
K
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ZOOM LENS CHARACTERISTICS

-3
24! 2
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1 { i T _ 1
T 2 3 4 5
A
. M: Linear Magnification o : o

D Lens Ciameter

2, Va! Potentmls Apptned to L3C 4B, Target -
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LENS ‘STACK 4 PARA“METERS_ -

{7A L78  L1C -

Applied Voltage 2 16 20
B b7 | jeas

a

_._F.'m_-_____.____.____..__._. Chcmnéltron S
Hemispheres o : !

Aperture 6 b4 45 5.5

Diam.{mm) ) .
11.5 X 14.3 .

P . Q@
95 22 . 63 44

Distances (mm)

Ly
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this point one is more corceruned aktout getting as much’ cur- °

.-

,fgnt to the channeltrcn as possible without overfilling the

gapS betwvween the nemispheTes so that it has the correct 1/tr

- .

lens and accepting only those electrons from thne hemispheres

wnlich have been progerly ébe:qy'selécted than anything else.

Thus one still reguires defining apertures to. limit the beam‘

radiusa
The‘Correcting Hoops
Eod

The correcting hoops are used to adjust tae fieid in - the

dependence throughout. Figjure 2. 13(a) =hows the détails'oi

-

tne correcting hoops; ang Fiqure' 2. 13.(b) shows Hqu they

modify the field in the gaps. The potentials indicated on

Piq-i'2;13(b) have been calculated for an analysis enerqy'bf'

.

1.0 eV, . by mumerically sclving Laplace's eguation in the

apsS with,the shapes and potentials of the noops as adjusta-
q , -

ble parameters. ' o T

The problem of field cgrrection at the hemisphere gaps is

au important one, and aust ke dealt with if the energy

selector 1s to function properly. ‘This is especially-so in

tihe present design, since the spacing between the hemi-

spheres has been made rather large to minimize the effacts
s ) : i .

of ~surface irreyularities oo the hemispheres(which would
ALY ' . ._ o .
cause field distortion). The fringe field in the gap.-also
: . . .
]

tecomes mwore of a proklerx, ' however, as the spacing

' . . . . ¥ -
increases.!{ Thé use of 4 correcting hoops glves sone freedon
K £t . »
to obtain satisfactory field  adjustment within the mechani-

" cal constraints of the hemisphefes, and, since the potential

‘

~

& ’

5

fq
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on «dcih hoop cah be varied independertly, rinor adjustments

can. be madeé to correct Lor various misalignments and devia-

tions from the calculated operatirg conditions "if necessary.
. . -..__ . N R . . .

] . .

'2.3.4 Tre Hemisphérical Energy Seléctor -

Since the 180 degree energy selector is at the heart of
: T R T

the specirometer it is imsportant to have scme‘undengtandinq-
. . -~ ~ _ :
of .1ts principle of cperation. Figure Z.14 'shows a- sche- .

“

matic diagram of the energy selector. Hemispheres S; and Sy
are kept at potentials Vv, and V,, respectively. .In the preef

sent spectrometer K, = 2k, and R,, the radius of the 'equi-

»

libriant orcbit’, is given Ly:

:En iy + haj/Z =" 3R,./2 3 . - -
In the icllowing - liscussicn ueAsﬁa;l—;qnofe- thg'éffe;ts.bf
the field.in the gdps q{]thé entrance and”fe#it planés,3 a#.
teis is ﬁssﬁﬁed té Le corrected by the‘hoops; |

The‘potential-betuéén the hewispheres is found by solv-

.inq:.‘l | S ) FN ‘ .
e -0 . ..
;with thg boundgry coqditiéns;f o o | -
a - o '_;' e(r=iy) = Vy
| S L eEn) = 9, _.
N ~V, <‘V;5 .

Lo i . o R ~- . - ! . " . )
pecause or the spherical symmetry involved, the potential is
| ; L " o s Rt
~a function of'r ounly, and is given'by: " Ll o —
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. -zg-
Wy = V) Ry RV ®yVy o o
() = T (R.,-R.) * R,-R S (2-3.4.1)
A S R 2771 o
. The eleCtric lield is then yiven by:
: - (V,-V.,) R,R R o ;
i o -~ . .
E(T) = 9% 2_1 12 2 : (2.3.4.2)
T S ¢ 3 0 -
| - VT o
7z

*

- If the incuning bedm bas an energy E; arnd enters at a .radius
Ra, then for a circular' orbit, equatirg the electrostatic
force on the electrons t¢ the centripetal fcorce yvields the

transmitted energy:

SRS s L Le MR T ey
0 2Ry RymRY R
> | o

Expréséi;qh Ky and R; iﬁ terns of RD; equatién 2:3.4.3
becones: . | .
: -E.n = —E(v;v - Vl)/-j

Thﬁs; to transmit an‘enerqy 0f 2.0 eV;‘fqr example,°requifes
a potential’differesce of é’vcits beﬁween. the hemispnéres.

It 15 advisable to choose V; and,V, close to the analysis
‘&nhergy to minimize the distortion-df the field in the gaps,
aud so putting V, = 4 velts and V, = 1 volt will satisfy

tuls. conditiop.. . ) ' )

.._.-

Another property of the hemispherical enmergy selector is



l'. .' . - l. '-  _.59_

tndt7it wiil ﬁocué. the eﬁ;rance‘plane_ onto ah: eiit pldne.
wnick is 1890 déqrges 'away' (zence the namei. - rozéééithis,
one writes do#n.tﬁe quranqian 0of the systemVaqd S0lves the
equafions of . ﬁoticn in.fhe iirwit of smal; &gviationsrirom
tne eqpilibrihm or?it-' 'The‘results are egudt;ons of:the

rorms -

2 S
480 +wlax) = o0

o T a2
WLare ',_ o . [Ju l : )
; . . UJO = (:,ZEEO/mRO')_

1/2
* 15 tuae dngqular freguency of the electrons inside the hemis-
pherical réyion. = Tuus, when Wat =-T rads, the electrons
will have travelled through 180 -degreecs, and uili',be

focussed on a plane at this pcint.

2-3.5 Operatior

¥
Ira
Iru
I
™
.
C.
r
=1
fa-
o
0.
I

——

f the Spectrometer

"Qperating the specfrometét can te defined as trausporting
the electrou beam. Llrcm the cathode, through the sélector,

and. into thé.targgt reqgion. - If scattered -electrons are to

be detected, then they must Ee “transported from the target
‘reglon, thrduqh the analyzer, - and into the éhanneltron;_ all
uirthis @aust -be doné in such a way as to achleve the optimum

current and energy rescluticn for a given set of operating

potentials, sotn at the target and at the channeltron.

4

[
-

Tune spectrometer can be *tuned up' by mcritoriny the cur-
© rent on’ the apertures A1-Aé. This can best be illustrated
by way of an example. TFirst, the potential-on L2C is set to

. the desired -amalysis enerqgy ty adjusting the SCALE poten-
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.Table 2.3

Spectroﬁeter Operating Cogditions

marget Sas: Neon — Metastalble Excitaticn Spectrunm

Paraneter

Fil
C.Puo
Grid
Anode
D1
D1Y
L5
L1C
D2X
02¥Y
L23
L2C
51
S2
51
12 £
. d3
0y
L33
D33
23Y
pax
o4
n3C
CL43B
Zesolution
Peudk date

e i i s et e e s R AR A W T = R P i S o i S i i i o Al e . e it e e

P - -

Theoretical value

z23.25
2.5C¢C
5.000
1.250
3.20:2
2.846
2. 154
1.901

32.8¢% -

25.9¢C
§2.5
12.52€V

4.554"

+0.243
1. 29
6649
+24.27
+11.58

153.6

15.87

+10.37

-1.365

38.44
2.500
5.000
1.250

©3.202
2.849

2.184

1.901
18.49

+2.838

+21.50

-23.19
-4.841

24.31
124.0

20.meV
35.kdzZ

Actual Value .
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C . ‘ . . N .. ‘
tioneter, fThis determines the resolutidn of the final rean-

-
-

Tue resi cf tine lens elements aré then set at or near tue
calculated operatinq potentials. - Theée_pogentiﬁls 'scalé‘
liheafl% wits thé analysis «<nergy; i.e., if the anaiysis
eﬂerqy-is g%anqed from 2-.velrs to 4 volts, say, then the

potentials of thé’rest of the lens eluments'mnst be doubled .

rrom tud calculated valueS(at 2 eV analysis ewnergy). The

filarent is turned oo and enough curreht is sent througn it
to 4yive a4 reasonable amcufit ct"emissi63110‘uA, for ins-
tduqe)Q One then adjusts the deiiectofé and leﬁs_el@@gnté
Jfﬁgégaximize-the current on Al dnd-thén'52- - The potehtial oL
51 is-t;mporarily sét to 0 to allow all'the‘ﬁléctrons enter-
ing the hémispheres to hé coilected on $2. Tine CONTACT
PCTENTIAL is adjuéted%to taxisize the current on S2, as are
. ‘ : . _
the deflectors dndﬂigqs elewents. After this is done, S1 is
reSet to ythé cofrect Fotential, and .the current on A3 is
then paximized. The curcent reaching A4 ié*maximized, and
“then oné ;tﬁémﬁts tc look fgr signél coming from the inter-
'action reqion. Surposc that chei desires to lock for meta-
_stable atous in4Neon, for example. with a guitable He gas
_p:ésSuru,, the 'electroniheam ié fpcusseq iﬁto the tarqe£
reglion atl . Qn enerqgy where a known peak ih“ Qhe netastable

Spectrun ©xists. Once a real siynal is found, . one then

attenpts to maxiwize the signal to vrcise ratio as well as
acheivitg the opfimum ehergy resolution of the spectrompter.

This can be done by making small adjusiments to the lens
element potentials and the deflector potentials until a

satisfactory compromise Letween resclutior aand sigral-to-

.
~

LN
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ﬁ;\

noige is found. A_typicai metastakle exéitation Spectrum in
Ke(see Chapter 3 Lor one in Ar) is sﬁownuin-Fié;_ 2.15, apd.
Table 2;3 shoWws the operating charaéteristics of tie speé-
trometer associéted uith'fhis Spectruti.
The sSpectrometer is aléo capablé,‘bf enéfgy analyziﬁq_
écattered elcctronsf' This‘is done by determininq tﬂe awoﬁnt
_?of'enerq& iust by gledtrons iu collisions'qith tarqet-étom$.
The encrgy loss- power suﬁﬁly is used to add energy to the

. F

~
3

—
o
fu -
et
)

scattered elecirouns vefore enetering the .analyzer b
‘lng the analyzer grcund aktove the sélectcer yround. The ana- .

lyzer is tuned to ‘accept only those electrons which have tlhe

fl

correct energy, namely the energy set by thae targeit poten-

tial. Zlectrous wuich have lcst eﬁergy_in collisions will

. 4~ - - . ., L] - ‘ N ..- -
reach the detector only i the amount of energy lost is

equal to the potential difference between the analyzer and

selector yrounds. This enerqy loss can be varied by a caap

voltaye Lrown a multichannel analyzer, lor instance, and an

}

energy 1oss spectrud is oktained in this way. AS with the

selector, the analyzer half must be adjusted to maximize -the
; . -

signal~to-noise ratio, as well as acheiving an optimum reso-

v

lution. Znergy lgss spéctra-in N2 aﬁdlﬁ, dte'shoyn in Chap-
tor h. These are Ly no means‘hiéh resgluticn spec£ra: the
eétiméted ovgrall'resolution‘is‘ iOO mev. The spectrometer
is‘Cert&inly .capéble'ofl mﬁcﬁ'better ‘rgsc}u£icnsi “overall
resélﬁtioﬁéibf aﬁéut 3dfﬁev“ WELre dbta;ned roﬁfinelyiin-ini-

»

“tial testing of the device.
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This appendix conteins additional ccnstruction details of -

tie spectrometer in the Zcrm ¢f scale diagrams. . They 4are -

.

not. necessary to tfhe understanding of the deviceé,  and chus
were not included earlier. It was felt, however, that it

would be  useful to irclude them for future reference pur-
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NIGATIVE TION RESONANCES IN .THE KAREZ GASES
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INTECDUCTION =~ .

s lad
LI
| =

This chapter discusses the production ¢f resonarnce struc-
- . . “ bl N . . . i - 2 ) ‘
tures in tne metastable eXcitation spectra cf the rare gases

and the analysis and interpretaticn. of these structures.

.

- Tne enerqy . region cf interest in the present work 1lies in

the déubly :excited staﬁe rejion (akbove fne -ﬁirstyiouiiation
tureshold) . -The region helqﬁliEe first-icnizatidn,threshold
hdé been exteasively studied, and in the metaétable channel
the definitive ?ork is that of ﬁrﬁnt 2t al® who were akble to
resolve a weélt; of étrucfure with the aid of_a.hihh résoluQ

tion electrorn spectrcmeter. The dcubly excited state reygion

-
.

has also been the subiject of-intensive study using a variety

or techniques and obiservation caannels.. In de, for example,
measurenents have been made or ion producticrné, differential
‘ JEE N At

electron .scattering?, electron‘transmissioﬁs,‘ trapped elec-,

tron production®t1¢, broadband photcn productioull and neta-

starle producticntz, In recent years many of these autnors

huve applied their metheds to the other Lare gases as uwell.

T,

-Io . maay cases & large number c¢f- structures  have been.

ohserved and acéprate identification has proved difficult,

particularly since the energy ranges coveriny the inner

.

shell and doutly excitéd states exhibit much cvérlap. " Two

factors have emerged, howaver, which lead to a simplifica-

tion of the situation. First, it appears that'in certain’

observetion channels thgﬁ@eatuges_aré predcminantly -due to

neéyative ion resonance fcrmation rather than mneutral auto-

—

‘ienizing states, for example. Sécond, it has beern found

possible~to unambiquously identify the resonances involved

R °

K

(T4
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* A _comparisor between the lower eneryy(i.e. below the

first I.P-) ~data of Sanchke and Schulz® ‘and Brunt et als .
reveals that essentialily every feature in the former data

“can ke identified with a negative ion resonaznce. In the
. higher onergy reyion,. a cciparison can also be made in ¥e

with the data of Spencel® and again it is found that nega—-

tive lon.rescnances deminate Sanche and Schulz's Jata. It

is reas to sSuppoSe that this corclusion is valid for

,the other rarc\yases as well.  In addition, it would agpear

- tiat the differential inelastic scattering data?'13-15 are
also dominuated by negative ion rescnances and show an almost

"one-fo-ouc correspondence with the data of Sanche and

-
- - i
~

Schulz. Iu the light oi all this,  Spence;s cbnclusionlo,
bdsgd ou_ an Qna;ys;s ofipcssihle resonance deéa? mnodes, that
low—rn excitatiéu :unctions should ,demdhs£:dtg_ structures
p;eierehtidlly dﬁe.to negwtive ioh-resonances;»uouldiseem to -
be'ﬁqSLified.‘ . High-n excitation funetious, q£_~the other
band, &le wmore likeiy t;‘diéplay autojicnizaﬁion Leatures

. since these states are more” closely coupled to this channel

via post—collision—interaction (PCI) effectsis.

Based on these lideds it was felt that a good channel to

SCArCh Lor negative icn resonances in thé rare gases in the

"doubly excited state region wculd be the metastable excita-

tion channel. THis possesses certain advantages and simpli-

~ -

fications from an expericental ‘pcint. o view, and has been

demonstrated to be very -Iich in resonance structures at

%
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Jlower ‘energiesS. 2revious studies in this channel have been

.

lipited to scme low resolution work in #el2 and a much more

extensive study in Art7.

" TlLe preserct wd;x presents high resoluticn data for Ne, AT

and Kr, and a dliscussion cf the amalysis and identification

of tihe observed structures 1s also underctaXkxen. - Two reports

Lave. already been presented previouslytsvrio_

The rest of “this chapter is divided intoc four sections.

Section 3.2 rrovides a theoretical framework for the under-

. e

"standing ol resoanance {crmatlion and thc analysis of the

-

cesonance datd.  Section 3.3 descrices the experimental |

details. iuvolved: the interaction regicn, enerqgy caliora-
t;on; and data colléction. "Segtion 3.4 presenté thé daﬁa
and-reéults of~the ahalysis, and‘éeéﬁicn 3.5'presénts con—
clusiohs-dcawn,dnd sugéést;cns for éﬁ?tner.ECSeagch.

(4

¢

c
-
+




“3.2.1 Eesonance Formation

FoL teasons of simplicity this discuésicn cf-resonance

formation Ulll Le l;mlted to tne metastal le eXthdﬁlOR chan—

nel only. Clearly tbe metastable channel is not'the only

one avallable in which tc¢ study Ceson4nces, but, as aen-

tioned ia the dintroduction, it is certainly rtich in these

structures. = - . o -

’

-
N

. . )

Jasically 4 negative icn resonance"forms when an electron

lHtELstb with a target atcm in cnch a Hay as to pe captlrea

.

Ly it for a short tinme, MCCEdtlnq a teﬂporary ne gatxvg ion.

ELlEdalhq tre captured electron This phercmenon yenerally
results Lo a IdthCE groncunccd chanqe in the cross-section

.being geasured, and is qharacterlzea by the shape and also

the width ol the feature, as well as the enerqy at which it

OCCUL S The width of the feature is characteristic of the
lifetige of' the.resonunt State. Tne process involved in
forming the resohdnce can elther te elastic [no axcitation
beiore the resonance is formed). Thé latter is the case in
the present situation, where the process cf interest is-:

: . y - : ‘-‘. ‘. . .‘

R o T
' LoE thszvpblxsn)]

- s ' ([naanJ(ES)mlml y o ~ {3:2.1a)
'(fnbznps](°9)(n*#}S(és*‘P;o)) + et

- -

The ida eventually dccqyg,_'leavinq the atca "in some final

state (not necessarily vfng Same as.the initial state) and

oI the atom) or  iaelastic ic {the aton undegpes excitation



and/or:
e + xinsznpﬁ(lsa)]
X~ (ns2np2(3P,1D,1S)mlpl'ml*") ; (3. 2.1b)

Z(fus2npS1(2P} (n+1)s(28+1p,,4)) + o'

wihere X{ ns2npb1(1S,)  denctes a rare gas atem in its ground

state and X[ rsS2apSJ(2Pzp,2) (Rt1) 5 is the_metast@ble. state

[39]

wirich is Ffinally detected. Note that eguation 3.2.14

denotes  inner shell -excitaticn and that eglation  3-2.1b

dernotes two electron éxcitat}cn; Direct production of the

“netastable state is'aisc_possible and this will form a con-

- -

tinuous Dbackgyfound wupon which resonrance structurces arce

saperimposed.’ In addition to this, there is also the possi-

bility o= Rydbery metastable species contrikuting to the-

obscrved sigral and .produciny structures .which might errone-

ously Dbpe attrluuted_‘to‘peqat;ve 10N resSonances. . Tuls
- . ' - : '

rusul:s‘iﬂ at lc;st 5;5 channels which.can contrcirate to Fhé
Pbserved metastable signal, act fo_mentibn addition;l'Chan-
nels (eqg. duto—ionization) which daQ‘éisoqbe‘preseht._ Tﬁe
overlapping of tﬁe§e cﬁaunels. leads to interferqncé effécts

in the metastable cross-section, — making identification and

classification of features difficult .and-often ambiguous.
This state of agfalrs is <Clearly reflected in. the present

state of the literatire, as any .survey of the problem will

- . "

show. - G em T IR P S
. S . 5 .
. . .

' To understand how resonance formation aifects the- behav-

iour of the metastable cross-section generally requires ‘the

use ok multi—chanhel scattering.theory. The large number of

[



. ' | ' .

“ "available channels makes this a2 formidable broblemrto solve,
Lbut it is possible tozgréatly élmplify the sitpatiop in somd
cases. - .
| - i ‘ . .
Consider the case of  one resonance channel well scparated
frem all -other changnels., This reduces the preblem to essen-
tialiy a “single channel one, which is dealt with in post
texts dealing with scattering fheory (see, for example, Tay-'
lor2¢, for a conplete discussion). - ’
By using a partial-wave apalysis, the scattering cross-
section Chn e written as: o
" - | 12 - - -,
c = ZATr(22,+1)|f2(p)‘|_ \ . (3-2.2)
L ’ D .
al ‘ . where ‘ ‘ .
- ‘ e © sind  (p) - : )
S £,(p) = —— -t | |
— ,Q, - ¢ P ’ . " . S
is the sScattering "amplitude and Gn(p) is the scattering

phase siift for the 1-th partial wave. Now a resonance usu-

é

. ;wiih it, and so onme partial wave in particular will dominate
tue scatterinq‘pfocess hear the resonance.  Taus the scat-
) e . . . ‘. n ~- ‘ . . i ) - 1\, )
teripq cross—sectiorn is:
_ hY L ,‘._. Y S —
\ : 4n- 20 N .
. = &1 + . . .2e
S | L UR“ > (2¢+1)sin GRFP)g 5 . o (3 2.3)

P

N L o

It.is the behaviéur of the scatteéring phase shift which det-

ally has a well-defined crbital angqular sowmentum associated

T



. =37 o - _/—\
- ermines the~béhaviou: of the ;esonancejlﬁl(p) is composed of
two parts: a resonaﬁt Fact, GEBS {(F), which varies rapidly

bg

with p; and a backcrouna part Gz

{p), wihich varies blOHlY

Wwith p. Fiqure 3.1 1llLstrates typical reconance protlles .

for dififerent values of the hacxg:ound phace shlzt..' Near 5

the center oI the Lesonance, the resonant phase shift is:

. T2 ‘ - s o
. LT 3.2
EeE)? w r/yHE o T

-sinda(p) =

where T is _the width ﬁf'the résonanéé\gnd Ep is. the reso-
nance eherqy..f'Using the,fact’thgilgthg Fhase shift is c:m—
- Posed of two parts, we cap write;
o _sinégtpi ?'sinIGEés(p)+ ng{éga
whick is: = L B ' : ‘. e
sind,(p) = sinéie (Pysin 838(p) (cot & ?p)+cot 58 (p))
.ﬁéfine: o .
| Bq = cot 52'3(;3‘)'
£ = co*;s;es'(p) = ZfE-Ek)/P'
Theu.tne scdttérihg‘cross—sadtion is givern by:
-
o (21+1)iﬂiil§ - .(3-2-5;
' - (1+e) L g

LY

- ' Tkis is the usual Fano foromula for the behaviour of the

crOSb—sectLon nedr a re%?nance © If gq=0, then the'fesult;is

the Idmlllar Breit-Wigner formufa. =

r

. . - . L. pa—
L - .
- . N P
. .- .
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# Equation 3.2.5 is ofteu parametrized ard is thean used to

B W -

fit experimeéntal data to oftain the various: parameters. '

This parasetrization is: = ° n . '

-

a; = awplitude 6f the feature

B N -
= . .

a, = shape pdrametérfdué té_backgraﬁndf -

ay = Cesonance” position
A4 ‘= Cesonance width ' ’

K - - - - 3 . . -
‘ag = amplitude away-£rém resonance.

e - N :

B .

In order to extract the wilues of thesé‘parameﬁgrs:from;thé
., ’ . ‘ - . ) "— [ N " Lo i 4 - ‘ )
experimental data 1t is first mecessary 'tc conyolute equa-
tion 3.2.9% with_ihe energy ﬁrofile'pf-theﬂincidént-electroﬁ
beam. :_rae apparatus profile is wgitten:ds a Gaussian dis-

'tribhﬁioqu

,' ) . : _‘(- -‘ " f._ 0 N " J*‘ : ‘ ‘ ]
: g(x) = 2 282 Texp (=x"1n2/a)) N & R
.6 e o ’ -

where a, 1is the  FWHM of the ‘pzofilé. A fittirg routine-
vhick iucluded the 'appa;agus rrofile qas‘ developed and

. applied to scme of the,iére‘isolated features. .ip. the spec

N ) ) LJh . i " - - .-
tra(*}. - The Tesults of the Zitting-procedure gre.dlscpssed

) .' '
(*) Routine developed by William van Wijngaacrden
e ) / . o N . . . Rt 1 Y



~ RS . :
: Cpce the shaerp - features- in a-

..

alysis Tecnnlgueg Use

. - ) ) .
. . .

@etastable -excitation

n

cross-section have been " positicned in enerqy, the ta3k of

‘deducing the - identification of these’

mentioned in the in{roduction, this is a rather complxcated_

-

tas, but there are scoe 51qn1f1cant ObadIthlOHS which sxm—

[

plLLy matteLs someuhat

b

(13 ‘ne!metgstanle channel‘is.dominaﬁed‘»by-ggggﬁu

- tive ion resonances theréeby

Mels'

7

'
-

ellmlnatlnq mucb s

- . oL tne compllcatlons due to neutral states;

(2) Tpe“uEthive ion resonances‘
guously identified in de. -
< T 3 o t

{3) /There is _a systematic.behaviour invelved for

EY. . - .."_ ..

‘the same for equivalent 'resbhances, .anu that

U‘Effect Thus it ‘is pc451hle

. ' ':hlé relatlonsuzps llnklnq

-~

N H - . ‘ .

-qa es. to tne corresponalng

- P SR

relatlve to tue pos;tlve,lon

-

L e*

TWO " technlques thCh make use of t

~ W

"dre avallaole at the present tzme.,'

gases.’ ' Much. of this"jis due - to fne’ fact: tnat

the i&fluencé o £he core’;ls

17 A
have been wnambi-

B

. . ‘ '.’ L - L " v.-..,. B - : .
" eguivalent. resonances in Qhe glzzezent rare- .

-

t&e@cguglinq Letween the expited-eie&trons-ls

e

L

10t tne domlnant T

borestqbllsh b;ﬂ—'
thgn enerqlea"df

LN

o fféqﬁivalent ‘reson&nces ln the dlfzerent rare‘-ﬁ~

.
[ -
s z

blndlng enerqles

.‘~"

%qres 1nvolved. T
he 51mp1e relatlonrhlps

’
s

These glve some lnStht

features‘ bé@ins. As
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and are aids in c¢lassifying features in the metastable exci-
tation spectra.. The first.apptcach-_is a graphical one due-

+ —

e

TN t0 Spence2l, This techigue was previously Zound useful for
. S - - . - . . . e
€lassifying tregative ion resornances in mpclecules. The sac=
. e - -

, = ond approaci, sujggested bty lieddle22, and

developed exten-
sively by Read23, 'who devised a' "Modified Rydberg" formula

-

\ to predict thé energies cf rescanances in different gases.

These two techniques will be discussed in turn to illustlate.

r
i

now tzey can be used in the preseént situaticn. )

. : &
The Graphical Approach
. ?

L]
LA . . . - N P ‘ .
~Zals tecanique has. as’ 1ts tasis the idea that the ener-

dies oﬁ equivalent refonances in the heavy Lare gases could
be'?eDrésentédibY an;eqUa£ion,of.£he form: L

N 7 A

' E=AI +E (3.2.8)

‘iwier; I is the apprdpréatef'ignizaticn‘*¢otential(of the
core),' A 15 d constdn£ El&se to uﬁity,_ and 3 1is another

. censtant. 'To . gain some insight into the significance of

‘thuis it is iostructive to arrly such an analysis to the data

of Codling and co-#orkers.2¢—27 They neasured phqto—absorp-'

tion cross-sections iu the heavy rare gases usingy a synchro—

tEOn"rddidtiOQ source: and cbserved a humber of reso-
hance(auééioﬁiz;nq)' structures in their épectra. Let us
examine "the ., behaviour of the [n§n§6](25)(n¥k)pﬂ(k51 to 6)
states in the diffeéent rare gasés. Figure 3.2(aLf shovs a

A\

it can be seen that very qdod_straiqht lines can be drawn
joining equivaléent conffﬁﬁfgiions. This illustrates the

behaviour indicated by equation 3.2.8. How, turning to Fige.

plot or ionization Fetential vs erergy ‘tor this series, and’

-

RS
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v

. o _ .
3.2, uhich 15 a plot oi cirding erergy {(cf the resanancey

M - . . ":. T . h

- Vs ehergy for ‘the same qerles, once .again it can bhe seen.

- ¢ : ., -
. L " - v -

. tkat gool s alqnt w‘;llncs ]O.‘Ln 2quivalent reso&ﬁce‘s(note_ -

that fhé data or Fiq-"j.Z(h) are equivaléﬁ{;;o that of Fig.
3.2{a), uwut tbat:fﬂé vertical scale 1is much iiner,,gaflowihq
. ) e )

‘ one to see any deviations frcm a&a linear relationship).' The

- "notable excegption tc the linearc relationshipt is Ar; tae

.
»

deviation increases as the outer electron gets closer to the
‘core. Tune other bit -of -inforsation apparent of Fig: 3.2(b)

. : . T ' . ~

is the dgcrease 1y tke slopes of the 1lines joining egquiva-
lent resanances as the value cf k increases. The numerical

values of the slopes are indicated .beside cach line oz Fig.-'. -
a 2(u).‘ The éidpe is 1&2qybt Ler the tL (n+1) p coniiquta4

tion and practlcally zC:o fer the (n+6)p- coniiguration.

Thigs beLavxou: has an immediaté interpretaticn, namely, gg

€
slop@ ot tne line jeiping equ1valent reﬁ nanges g st reflect
the gmoug;v or interactjon fhe oguter e1e_;ron has with 5 1£

e f

» care, and that this ipnteraction ipcreases as chne pPLoyLesses

frow Ne to ie. Thus, the eneryy of the (n+m)r states could
g be written as: ' '
-, |

mE - — + -— ! ﬁ
hnl = Jn <nlivinl> <nth'lcorL> . ) (3 2.9)

- where In is tne icpization rectential aArpropriate to eacn
gas, <ul}Vvinl> .represents the interaction of the electron

. .. ‘ L4
‘with the pure Cculcmk field of the ion cor=, and

o

<LljJ ibOEQ) cepre;ents the ctke; :interactions'the‘electron

has with the core.‘ It should be pointed out that equation
3.2.9 is simply another way c¢f expressinyg the . normal Ryd-

berg-gitZz egquation. Thée cther interactiocns are contained in
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Ceneryy.

T4

S
-~

the guartum deféct or the electron in this cdse. "Zquation

"rule™. The systemati¢ pehaviour is "viclated" because the

AL+ core ias a muck greater influence. on the cuter eloctron

tiaun tue other gases Jo.

The other interactions between the electron and the core

would be daminatked "'by the penetration cf +the electron into

tue core(tne essence of quantur defect theory) ,- but tHe pecg-

/ D o T . FEEE
uliar benaviour or AL suggésts that-an-additicnal . tera is
present. The nature of this additional term is ptohabLY

rélated  to confiquration interaction effects, which are
- e v Lo . s

known to De strong in Ar. Thesec efiects- are normally. accom-

panicd Ly a mutual repulsion of the states involved. ‘Thus

thie Ar tera considered here cculd acquire a larger Linding

3

fent on ¥ig. 3.2(a) because tte scale is too coarse to hign=-

) [

ligat them. It would appear thdt -this ‘technique is good as’

a first approximaticn to deterzine the enerqgies,” and to at:

least identily the cenflguraticn of the features observed.

-

Having seen that the “graphical" approach is useful for
. . - A
the sinple case or one excited electron, the Lext question

to ask. 13, - "How does it work for two excited electronst?

‘Tuis has been dealt with by Spence2l, who used the data of

Sanche arnd Schulz® and Brunt'ét al® to demonstrate the use-

tuluness of eguation 3.2.8. ile dicd not plot cindinyg energqy

V3 resonance eneryy for the data used, however, _ but did

-

The deviations from the linear relaticnship are not appa-

~,

3.2.% also skeds light on the [-deviation of Ar from this

‘3



Oy

. demonstrate the 2applicability of “the graghical approach:

»3

Lhus it i's propssed that a similar equation for ‘tie reso- . -
B - . N

Lance enerqy can bLe written down LOE twe electzona-,as was

- -

the case Lor a blngle eluctcou, nameP?-

Lninr In -hgnln&'1V[nlnl'> - <nlol'jv'lcore> ¢ (3. 2¢ 1JL
wWhere :n is  agaln the appzppri¢te icnization ‘potential,

-

<ulgl'jV|nlnI'>-fépresents the interaction cf two eleckfoﬁs

witl the core Coulowk field, and <n1nl'|V'|coLe> cepresentb“

tiie other interactions of the clectrons with the core.  The'
- . 6 » T . : ° ’
normal - Coulomhb Lnterdqtlon term voulu presumably also

o

include ¢lectron-electron 1ntgr:ctlonb cand the trgnqth of

+

toe oter term is reflected iff the ”lope og the - llne jOlnlnq

R r
wqUlvdlgne resonances.

— S o ' B ' ‘ .

Hhen™one considers the case "of three ¢xcited electrons N

vutsidé of a doubly icmnized core N'there is no Jate available
- ) ) !

to make 4n - analysis of this type at‘Jthe #¢aent. - However,

having cstublished the sigriiicance of the linear relation-.

'ship and the deviaticns lcon it, it would seen to Le a rea-

souable‘dpproach to use when 1attemptiﬁq to aualyze tne pre-

Sent data. Tup success - cf this dpp:Oqch, then, remains to

- -

D¢ Seen for Ehis case.

: -

1huu, to analyzce the ddtd obtalned in the present expefi—

ment, th qkdphlcul approach will be used as outliaed above.

It is reasonable to  suptose that it will- werk apove - the

first ionization threshold, as it did for resonances Ltelow
tue threshold. Even- if the linear \relatiohship is not

strictly vaiid, the deviations frcm it are themselves signi-

.
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ficant and can  be uscd tc gain insight into tte physics of

resonance formation ip tiis energy region. hAiso, . the fact
. that tiie graphical approach wcrks as a Zirst approximation
- £y N . . .

‘means that it - can be uscd to identify major features or at

least put Iizies on the'possiile claséiﬁicatiohs. , .;3 -
The Hodified Rydberg Pormula ‘ Lo

This is an intultive cxtension(proposed Ly déad23y;of the

familiar #ydberg-fitz equation:

Co ' ‘ 2 o SR
W E =1 4 —RE a1,
o . nl n (n - & )2 : : . ' :
- - . nl ", '
.
-‘4«»‘ - v
wheTe: '
‘ i is the 49nization fpotential
Y ) . - - - . - -
"My is the nydberg constaﬁt(13,506 ev) - i
Z is the charge of the ccre - )

u, 1 azé,thé‘radidl.and angular Tomentum gquantum nunhbers

- snl 15 the quantup defect . )
For the case of two cxcited electrons, the nodified nydberg

ejquation, 1s:  ' )
E I -R(Z-0)2((n-8 );2%(n-5 ) | (3.2-12)
“nlnl’ n nl nl': o

+
.

.

The assumptions invblved in this extension are:

(1) The two outer cielecﬁ? ¥1ll screen each other
to some extent frcm the cbre, ~and that- both
eloctrons experience the . sane émount pf
screening, indebendgnt of‘the-valﬁelof 1 {i.e.



‘:‘

The screehing constant is related to the

lation between the two ¢lectrcns(see Appendix 3.6.2).

N

. .
-

| R . . g . - . .
_the screening is. the same for ni-and al' elec-—

‘trons). . Thus each - €lectron experiénces an

It

fective. charge Z-0, wherLe 0 is the screemning

constdht.

{2} Thé presernce cf the ségbndieléctrbn’ does ‘not

.

intluence.the penetration of .the first elecs

tpon'into‘the,che; Thias, the guantum defects

for the nl and nl' electrons aré the same as

S they iould;be.;or‘a sinq%e‘nL(éf pl‘)'electrbn'f

" ‘outside of the same, core. The quantum defects

. ¢an then .te_obtained-irom'the_'ICOteJnl ener-

4ies using equation 3.2.11, after taking into

Caccouat the__level‘s;littinqﬁ;duegfto‘exchauqe;

and maghetic interactions. - - 4

amount Of corre-

For -

compluﬁcl{,cqtrelatcd electrons, the sdreen;nq constant ‘has-

the value of 0.25, ani for ccupletely ,unéqrtelated elec-

_trons, it has the value of 9.514‘The_receﬂtnuaak of Linzs'onf

¢lgctron,correlqtions indicates that the two electrons would

tend to stay on opposit

fact,

dégree or correlaticn is to ke expected in  this case.

Sidesfof the core, and thus, a high

In

fead found that the averaye value of “the screening

constant. was 0.254 zor two excited electrons in a variety oI

gases wsing h}s ahalysis. S g*ﬂ

For the case of three excited electrons outside the core,

wita the configuration {core]nlnl'cl*?,

the cxtension pro-
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posed by kead is:

N S BN ST SRR
Falnl'al" *a 3(2-?0) C(f_ﬁn;) f(n.ﬁni'?, C(3.2-13)
‘ -2, ‘ ST "
+(-n—5nl'n) ) ST e e :

For completely . correlated electroas(on the vertices. of. an
..the screening constant has tne value

s oa -

eyuilateral triangle),
0: 0.289. .

" 1o use the medified Rydberg . forsula in the present case,
orie rirst detdrmineés the quantur. defects For - each electron
gherq-aitz equation. - Thea

A
RE

in ¢ach gas using the normal Ry
tiiC screeniny constants for eack configtraticr in Ne' are

[=1]

¢duced from the resonance data, and these are used to pred-
ict - the energies of .equivalent rescgances is  the other

gases.  The cesults of tiis are”discussed in section 3.4,



L

" .-. 3.3 DESCRIPTICH CF IHE EXPERIHENT

g-ggllThe‘InteféctiQn'Heqion' '._‘L“"f T S -

. Figure - 3.3 shows a. scale - diagram of the interaction
tegion Usel to detect metastacle. atoms. Note that the gas

beam entérs the interacticn region frem belew the electron

.
'

beaw - and drifts -up into_ the detector. 0nly metastable
atoms (aud 1n principle, VUV photons) _are detected in this
. azrangemest. all Vnon—métas;able excited atcms decay long

pelore tney redach the channeltron and charged particles are . -

Kept out of the detector £y suitdbly biased grids - positive

ions dare discriminated against bty a grid kept at a potential
oi ‘about +20 volts, and pegative icns/electrons are Kept out
by bidssiuq the channeltrcn ccné at -250 volts.

" The yas - keanm itself %as fprodjuced by a- sinyle capillary

needle made Lren .platinum—;cidium-glldx(non-maqqetic), and
gus simply etfused out or the capillary under pressure (1 to
5 torr) into the interaction reqion. & single capillary was

-

~used instead of a aulti-channel array for the gas source to

minimize the total Jas load on the vacuun system. The elec-

tronu beam passed through the das just abeve the end of the

- ' ‘e
teedle, throughn tae region of 'highest density, thus ensuring

algyh signal rates. v

The interaction region was kept field free by the use of .

e

a molybdenum shielding arrangement kept dﬁ the same poten-

tial as L4C and L5A. The needle, althouyh tue facility to

bias it with respect to the target regicn was available, was



also kept at the Sané'pbtentidl as the -target.

 3.3.2 Data Collecticn and Calikration ' :

Fiqure 3.4 shows a block diagram of the electronics used
ir the collection of the datd, and Table 3.1 lists the rele-

vant components. The TN=-1710 maltichannel analyzer was used

in coujunction with the TH-1251 ramp generator to vary the,

incident electron enerqgy to obtain a wetastable excitation

SpPpeCtluRa |

As meutioned above, the po;sibility'of detecting VUV pho-

tons exists, but solid arngle limitations and the lower quan—

tum effeciency of the channeltron for photons restricted
‘this to less than 0.1 percent, whereas the detectlon effi-

. - . .‘ M . - t N . )
ciency. for metastable atoms apgroached 100 percent. In

addition to this, a compariscn oi tihe present Ar data to

tnat or darchand and Cardinall? reveals an almost one—to—one

correspondence betwegeh the two sets of data. TheSe -authors

used @ pulsed excitation technique to discriminate against-

piotons, So this comparison suygests that photcns contribu-

tions to our observed signal vere indeed negligible. Thus,

00 zitempts were made to discricinate against photons in the

’ . . ]
- present work.
tr . [y

The 2bseuce of any structure near the 1icnization thres-

]

- hold in;then preseng ﬁata_and_ﬁhat_bf Bpunt. et als suygests
.that bhigh—-n R?dbe:q specles représehted-onlv 4 minor contri-

pution to the obsecrved signal.
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) 0 Takle 3.1 ,
.- Ccaponents — Hetastable Detecticn.Electronics

-

Compouent

Functicuo

o e . e e e e -— [P

. hepco HBZAN Power suapply

Power-vue 250 VDC Supply

Tennelec AEC-5000 rower Supply

Ortec 460 NIY Jodule

e

ortec 4271 NI HModule

Urtec 441 NIA Nodule

Tracor .Northern TN—-1710

v

fracor ¥orthern TE-1251

e
P
A .
'
.
L P
'
X B} .
Y :
sl I
. Z
A
k3 [l
'
.
~ -
-3
e v

Grid 5ias

Channcltron Cone 3ias

(93]

Channeltron High Voltage Supply
Delay Line Aﬁplifier |
Irteyral Disgriminato:
Rateaeter ©

Multi-Channel Analyzer

‘Baap Generator (0-10 v)




T

Typical cecuntiny vrates approaching 10CkHz were readily

obtainatle in the gresent set-up and the eneryy resolution

of tngiincident electron bean was estimated ‘to ke 20-30 mev

at the most. This value was arcived at Lty examining the
initial fast rise in the metastable spectrum of Fig. 3.5(see

insect a). Also snown in Fig. 3.5 is a sinilac spectrua

{insct b} taken frco 3runt et als, usiny a sinilar spectrom-

eter but oPerated at a much hiyber resoluticn. Since tae
- ’ '

features of interest represented 1 small fraction {about

)

-

10—3) of the total signal, data collectlon tives were 2 to 3

duys in order to gailn statistical sigynificance. The data

wgo then trapnsferred to a4 PDE-3/E combuter for analysis and

piottdng. In order to nighligkt the features present in the

spectra tue larye background was . removed. In some cases a
constant or linear buackground was removed, while in others a
subtracticn routine which remcved the low [requency oscilla-

tions foom the data was used{see appendix 3.6.3)-

accufate enerygy .calibraticn cf the spectra was achieved

ny us}nq the known pcsiticns of the sharp ‘features below the
A - ' . . . S

first ionization thresholds. A calibraticn spcctrum was .

tdken befiore tne data was acquired and alsc after data col-

lection was stopped. This allewed the enerygy per channel to

b= deterrined as well as the 'ccrntact poteatial' or differ-

" ence betwegﬂ_jflhe starting value oL the incident

energy {(neasured . as target potentialj' and the actual value.

The -positions of the shargp features could then be deterwmined



to 25 acV or better in this way. The_enerqies given in the

-

"tables of the next section are averages obtained from a num—.~

ber of spectra ror €ach gas.' ' A tyrpical calirration spectrum
1s shown in Fig. 3.5, taken with Ar as the target gas.

y

-2 ) ‘

[
R
-
' i
~
.
. -
n .
-
v
.
x
. .
- . .
-
.
v
.
e -
>~
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. " e 3.4 BESULTS AND DISCUSSICN

N

. i - T
3.4.1 Introduction and Analysis

The datae obtained are displaved in figures 3.6.(a), 3.7

and 3.8, which shovw zetastazle excitation spectra for Ne, Ar

and Xr, respectively. AS can ke Seen a large numoer of fea—.

‘tures are evident, and tne 1gpost prcesinent of thesSe 4are
listed 4La Tables 3.2, 3.3 ard 3.4. ° These tables also

&

include data from other @authdrs for compurison purposes, and

-also some widths for . the more isolated features(wiere a rea-

. ‘ v _
sonablie curve ritting procedure (see section 3.2.7) could be

applied). It sunould be stressed at tunls pcint that the cuc-

‘rent analysis secks to  provide a  framework for tue major

.

Leatures obseﬂ{fd; no atteapt was made to discuss the fine
detall supericposed on the larger Ffeatures, as has been done

by other authorst7r29,

AS a iirst step in the analysis consider the Ne spectrun

of Fig 3.6{a), where the features are all fairly distinct
and well separated. A comparison of this Jdata with that of
Spencel® reveals the fcllowiny siynificant facts:

"o

{1) A0 exact  onc¢ te onhe correspondence OCCULS in .
the position of each feqture(see Takle 3.2).
| v

Py . . .- . - - .

{2) Googd correspondence 1is obtained 1f a  visual
cqmpdrison-of the resgective profiles in both
S¢éts of ‘data is made. 'Such a Ccmparison is’
justified since scmethinyg close to a  toral
cross-secticn is peing measured in hoth cases.

'.(3) Although this 1is p:ctabl§ not = as significant

.
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. as' (1) and (2), there scenms to be a good.cor-
reéspondence petween tke relative sStrengths of
features Lased on the same core in . teth Sets
oL data.

These ldctb stronqu “Suggest ‘that the Zfe 2atures in Ne are ‘due

to nant;ve ion resonancus, rather taan tc aut01onxzat10n

tor ex&mplé. il some cases there is nc possible aaplguity

since  there afe RO neutral excited States  in the vicinity.
Fcature b and o (Fig B-G(dl and Table 3.2) .fall into this
category.  Further sup port for the identirication of the Ne

‘features with ELaOHdnCeb_ ccres f;cm the.ddta of 5ancne and

Schulzs® _and the data of koy et al?. Iq both CdSEb, techni-

‘ques were used which are kmown to be beDSlthe to tne det;c-

.

tion of resonances, and thé ‘clese c0rre5pondence betu 2@h the

-~

" present data and tbdt 0o these authors is very convindinq

evidence for our 1dcnt1f1cat1cns . Thus, qssuming that our

Icatures are due to Ne— rescnances and that Spence's élass;—

fications as given in Table 3.2_dre valid, 1t is reasonable
to suppose thut.similgr ﬁeatufes u1ll p:ohanly occur in the'

otlher rure gases. This would ke consis;ent with the situa-

tion itound at lower energiesS. [Sing the‘qraphicalJapprQach
discussed in sectiog 3.2.2 it was found possible. to identify
which fecatures miqhtncorrespond to thCn resonance conflgu—

fations. This is llluStratei in quures 3 Q(a) and (b), and

,3.10(43. andg’ (n), wnlch-ehow tnat veryfgood straith lines

Can be drawn through eQuibhlent‘resonances“-in-the doubly

excited state regior, as was the Case for lcwer energies.

"Fiqure 3.9{a) shows a plet of i¢nizaticn potential vs CRSo-
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. nance cnergy for .the singly icuized cores{iuner snell

. excitation) and Fig. 3;)(Q) shoss -the eguivalent plot of
pinding eneryy vS - resonanice €nergy ror the same configura-
tions. Alsc indicated or these figures are the slopes of

the lines connectiny equivalent resonances. The lines are
e . . .

best fits to thé_daxd pcints. These states.havea 25,, con- .

fiquration and wo fine strﬁctute srlitting. Five diiferent
states‘LaQC Leen positively identified in We, and the three’
loyest.eue;qY features'in AL -have'alsﬁ been wqambiguously
identiiied Ly aany authcrs. . Alsc, the tuol lowest eﬁefqy
'featureg'in Kr and Xe have Lteen idgnti[ied. " Fig 3-9(5)
:illustiaiesﬁ toat tie eqﬁivalent_resonances {corel*{n+1)s2

.

1Y LI -
cand [corejt(n+l)s{n+1)p are connocti .,
. . T ™ .
A

;lines. NYow if a straight.lirej®ining the [corel*{n+1)p2

by excellent straiygit

e

configurations is drawn and extrapolated to Kr, it is immed-

iatoly seen thd; the Kr— feature at 24.74 eV may be idgnti-
fied witi tihis coniiquration. .it is interéstinq to note
that a £2 resonance qiveé rise t¢ a brcad feature 1n the
spe#t;a ot Fiq's J.o{a) - tol3;8. It . is also nqted that the
feature 5-5' 0% Sanche “and Schulze ‘at,2g.78-2#.91 ev-gnd
£La} oL 2oy et = alX* near 24-&5 eV night A}SO " te be identi-

iied with this -rescnance. ., Furthermore, i the fteature

observed at 2u.h5“ev Ly Hoy et al{which they identify with a
p2 resonaunce) is plctted cn Fig 3.%{a), it would not fall on

the” straijht line cenracting the P2 configuration. C o -0f

2

course, the p?2 cenfiguration is split ipnte a. numper of
‘ ‘ ]
terms, and it is possikle that one ters may decay into the

‘metastable channel while ancther decays into the chkannel

.
8. -
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okserved ‘'by oy et al. Fcw if the line is extrapolated back

-

to Xe, ‘the Xe~ p2 tesonahce should cccur at an  eunerqy of
-about .20.8 V. " Delage et alls observe  a Eeatqré at
20.69-21.10 eV, but theY'CldéSifY it as a ﬁeutfai autoioniz-
ing state rather than as a resonance. Hayiﬁq estaﬁlished
tnat these tésonénces lie on straignt lines, the other fea-
Tures in ar and Kr can ke Plotied and joined.to the equiva-
lent resénances in Ne. ihé gloreé 0f these lines nust lie
between 1(appropriate to the Larce core, indicated by the
daskhed line on Fig 3(9{&})-,and the larger slopg of the
(n+;)52 coufiquratidn- This restriction: ¢nakles the fea-

tures to be identified with little effort..

Now ‘consider the plot ¢f bindiny eneryy Vs Tesonance
eLeCgy »ua Fig 3.9(b). Note that because of the aoTLe sepsi-
tive Scale used, the straight line {it does nct appear to be

guite s0 yood. Thisz is due to. ¢ither inaccuracics 1in

assiéninq,‘énerqies:‘to the features cr the effects Of
counfiguration intefdction causinq departu:es-fccm the iinear
rclafionship. As.dlscussed in séction'3.2;2 ;he sigpificant
bit of information‘fo note. is the slope of tae iineS‘con—
pecting eduiv;ient conf&quraticns. it can Le seen at once
éhai the dore‘pefturbaticns are greatest "for the (nt+l1)s?
staics ahd the least for the (néz)s(n+2)p states. .af conm-
paring the slopes 'ét cach liﬁe,-'the relative strengths ol
tﬂe'ﬁdorc ?erturbaticns can - be. dedgced ‘as V((n+i)s?)>
V((n+1)s(n+1jp{ > V((n+2)52j.> V((5+J)p2) > v4(n+2)s(n+2)p);
it s@puld' also be noted that tné straight line fit is the

poorest for the (L+1) s®

¢

and {n+1)s{n+1} ¢ configuratioas.
. T B ;
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This probably reflects the iniluence of coniiquration inter—

action effects on these states. If this is indeed tae case,
then it migat be concluded that confiiguraticn iuwteracticn is
negligible for the other states.

Tne neft kit of informaticn te 1ook at i1s the possibility

L.
5

T

‘;
. o

o

£ systematic pebaviour of the slopes of the lines con-
"necting equivalent resonaaces. © Figure 3.¥({c) shows a plot

or slope vs principal guantum number ror, the photoabsorptidn

data of Codling and co—workefsz4-2? as indicated Dy . the
appropriate configurations. A clear trend is dppareht for

.- fhe fn?npﬁ](ZS)mp sesieé. Turrirng to tﬂe neqative.ioq data.
| it cafn bu geen thqi si#ildr trends exist, nauely, -a shérﬁ-
dqcrease in Slope as ‘the principal guantus number of tne‘
excited electrops increaSeS. . It is not possitlc to use tﬁa
_pnotoabsbzption tha to give more.thdn 4 rough estiméte Of.

- the slopES'fo§ the regative . iéngdéta, since'eiectron—elec-

tfon interactions are not present for thaf data. Hithout
‘more series teras’ ftor tie megative ion data it is also not

possible to determine the guantitative tehaviour of the

slores.

T4

One ther probiem assbciatgd Hi;h this‘cr.any,approach is

. _ due toitne..considerAble amount of Qv;rlap of Leatufes, as
‘can be.scéﬁ in Fig's 3.6(a), 3.7:;hd 3.8; Thué,.even §11§w4

ing tuat all ol the cbserved features are due to negative -

[

ioﬁs,‘ the oOverlap ketween different channels can  make it
dirficult to decide which feature 'belongs to which channel.

. Also, the interrerence eriects make accurate. assignaent of a
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particulaf_feafuré'diffiquit'ip'soﬁe_casesf  Li£tle hel% cah‘
be expected’ ét the ncment fr;m ‘tﬁeorétiéal.qohsidérat;ons
pecdusé ol the comﬁléxity of ﬁhe problem(q large numﬁef,of
available and overlapping chaunels)T'

" - . | r

1t suould ke pointed out that no'attempt has been made &to
pusiiion the_{2SLﬁdé resondnces. These should occur at’
enerqieslclose tb tie eqhivéleht- {n+2) =2 resonances and may
account ror some or tihe observed strengta of these features

ir the petastable spectra. In tae lower energy region, how-
ever, the nd? resonances were found to Le muCu weaker than

tue [fH‘Z] 57 cnes3o, ‘

The main usefulness of the graphical aprroach is in tae
area of classification of features. - It nay uot\always be
B . - . » P>
possible to  provide an unambiquous classification, but is

- certainly able to limit the possiblities.

Wow Consider Fig's 3.10{a) and (bL). These plots are rased

on the [nsznpf]++ cores, aund thé sifudtion is‘uow more dif-
.Liéuit §o sort'out;‘ The core_coniigufation is split into 5
teras: ; 3P?Hp; 1y and 13545, In HNe the 3p spl%ttind is.
Qﬁdll,' buﬁ this is‘ﬁot tné-_case withﬁtﬁe'¢thQE Jases; the
Splitfinﬁ in.Xe COVe?s 1.271 ev. This 1is ihdicated in Fig.
3.10{4) and fig. 3-H01b). ' ﬁhus there- are effectively_giig'

ionization potentials to deal with for cach qas, and feso-

nauces could beNgssociated with e€ach of these. This ihevit——

‘asly leads to some overlap in the spectral featuces result-

- = . A
.

‘ing- rrom different confiquraticns. L

. .-
0 .

4
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To estabiishk the validity cf the grapbical approach for
| the dpubly'ianZedjcores it wculd be preferable to consider

Cthe  zirst -rqsontheslr ir the  family, ' namely  the
fsPJ++(n+3)sz(n+1;p-bﬁcsgi _Unio:tunétely, @these.fesbnénces 
éeém to decay rather weakly into the:hetastable ehannel, ‘so
- only the ile— membér could be positioﬁed dt.42.d0 eV. .Suq—'
qeﬁted pdsitions .fot the other nepbers of -this family by
other-uutﬁors are'ﬁéafcg. ror e#amplé, no other authdf has
clé;mcd to  observe the i3P1**u52up‘-resdnance in af at the
"present time; the [3PJ++5s525p zéscnindé in Xr has been posi-

tloned -at 22.68 V3! and near  23.4% eV14; in Xe the

[?P]v*6=20p reésonance is possikly cbserved qt 19,10 eVis,

. -
- - -
-

Auother. ccaplication which enters the problem wihen work-—

ing wiLh~tﬂe doﬁbly ibnized core states 1s that of coﬁLing
ration iuteréctisn. This is .ﬁithiqhted Ly the work of
‘Cod;iﬁq et «l24=27, uho pointeé out the large am&ﬁnt 6f1con;
.Liqurationlinteruction OCCULLlny iﬁ neutral states bﬁsed on -
this core, Qo muéh 50 that they were unable ta classify maﬁy

of their cbsetFéd features, especially in ¥r and ke. These
eﬁxécts,uill almost‘ceftdihly Le present in jthé resonance-
states baséd on fnis core, 50 the‘present assigﬁments nust

be considered tentative. ‘ ‘ ‘ L

‘The {3P]++(§+1)s(n+1)p2 LECDsS Seem td bé_the best ones to
éon;ider uginq"the Qraﬁhi;@lkapproach. | Tqu.ieatures‘hg§e
been classified in Nel© at 43.05 o and 44.37 ev. _Thégé
features occuf stfonqu in tlhe pfeseﬁt .déta, 'particulafly
‘the one at higher eﬁgfqy;A‘so it is very proiable that siyi—

'
.
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lar fcatuyres - will occur  in tke cther gases. In Ar two
strony fgatures are cbserved-at 23.30 and 28.57 eV, arnd in
[ tuo‘fcatures'dre abpareht at 24.08 and 24.51 ev, makiag

tice possible candidates” ior this classification. As caa be

seen Lrom Fig. '3.10{a), rather good straiynt lines ‘can be

. drawr to link these points. Fiy 3.1 {(c) shows the plot of

2 .

binding euneryy vs”rcsonance enerdy for these core configura- -
tiorns. The straignt liaes lisking equivalent resonances dre
lices ol best f£it tc the data.r It sbwoulu ve noted that toe
slopes are much larger for - the doubly lcunized «core states

than they were Lor the sipgly icnized core States, .and that

-
the Lit' is not as good. This reilects the increased diffi- -
culties 1n assignments, the increased influence+of .core

penetrution efrfects, and fprobably also increased correlation

erLfects. . . : .

At nigher eneryieés the [!'D]**+ and [1S]+*-CQH£iquraﬁiuns

will becomwe involved. and protable resonances tased on these

cores are included in the~tables. These will be disC%iffE/in

the fcllowiny sections.

_—

Iu order to carry cut a more detailed ccampacison with the

Gata of other authcrs, it is helpful to consider euch gas

separately, as has been done in previous literature.

ieo

Sk
I==

e

.

This - is the most widely studied of the heavy rare gases

ana . classification of +the majer. resotances is reéasérnably
sure, 4as discussed previously. A few alJditicnal points,



however,

(1)

‘might be nmade:. - : o

The in§ccurabieq in, the widthks yiven ia Table
3.2 are largely due to difficulties, in’ prop-

“erly fitting the data. Considerulle increase

{2}

in the statistical accuracy of tae data would

. be needed to jain any significant improvement
here. Also, a uore sofhisticated fitting rout—
. > .

ine,'.one that coull handle . cverlapping fea-

turés, migyht give more celiane.t¢sults.

The - only ~ previcus data obtained using the

metastable channel is that of Huard et all2.

Thexr data (curve. a) 1S Ccmfared with a sample

ol the present data(curve.b) io Fig- 3.6(Bb).

The _qtgatly;inc:easgd _rescluticn cver their

results is guite evident. . Also shown in Fig.

-

.3.6(b) -is the proadband rhoton data of Vdil?-

‘lettc-and  Marchandli{curve ¢).  Although the

.

overall shape of the thtpﬁ Spéct:gﬁ is qﬁite

différent from our datd, there is " an almost

one to one correspcndence in the number aad

position of the features. Thissédds-weiqht_to

Spence's suggesticn that these authors may bg'

seeing much more negative ion resonance struc-

turc than they thought32.

The- desigliations - in Table 3..2. are ‘takedm from.

spencel® with one exception. The relative

strength or the [323**3s3p2 resonances seeas

to suggest that siailar ~structures cculd be

N

,'
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associated. with the [1DJ*+ core. It should e
noted from Fig: 3.10(c) that the binding enef-

. o

to be

gies of this configuraticn in ¥N¢ appear
independent of the core configuraticn. Thus,
it 15 possible to

.

knowing the 3p-Th.splitting,
good prediction of the enerqy of the

, make a
fore yiver this desigration rather than the
Y'Sp@nce. ' -

o

[1D]*+3s3p2 configuration. Feature 1 is there-

[ 251+5sSp cesiynaticn given b
3.7

3.4.3 Argon
- - ..r _ . -
Tie spectzun obtalned -for tixis gas 13 given’ in Flg.
is essentidlly identical tc the one obtained by ¥Marcaand
S ) - )
to

~

ALy small differences ray be attributed
the present work

“_
e
A

"
.

°

ancd
ravher Lketter energy resclution o
of background subtraction techniques

and Cardimali?,

tire
and/or to the efiect

usad in the two experiments.
Marclhrand and Cardinal assumed that the majority .of their
features were due’  to the decay of doubly or singly excited
neutral states, but, _Ibased on our experience with Ne, a
dLEl=re2nt approach, vith resonances beiny Tresponsible for

the @ajor features, 1is Sugygested.
the case of Ne

To justily ‘this first corsider the results of the two
tioi, nauely electron transmissicn spectroscopy?® and differ—
In

teciniqlies known - to -bé very- Sepsitive to - cesonance detec-

o

ential inelastic electron Scatteringl3.
very good agreemeht.was obtained betweer the present data
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and that obtained with these technigues. 'A  compariscan of

the work of the twc groups mentioned reveals an almest one

to one correspondence betweeﬁ the two sets of data with the

n

exception tnat Sanche and Schulz8 -cpserve a sharp feature at’

27.41 eV and also scme unlisted "'features around 30 eV ndt

seen £y Roy and Carettel3. This slight difference is proba—

bly due to tue fact that Foy and Carette ugfejysinq‘a Siﬁqlé

vopservation channel.(3p545(1?j),‘whereas Sanche and Schulz's

tecinique integrated over all channels.

The vertical “Lines plotted on Fiy. 3.7 are tﬁken fmom the

datu observed by Saache and Schulz and goy. and Caretté and.

tie close correspondence cuse;ved between their data and

mauy of our features is evident: - Therefore these features

-

ate denoted as resonances in Table 3.2 and the techriques

Jdiscussed previously .were. used to aid ir  their classifica-.

Liou. : : ' , : o : . s
Features Based On [353p5$25)]+‘cbteék ’ ‘ . R

.

The Leatures below 29.23 eV are candidates for states

*

c,

based on this core. ~ The first three features, a, - b and

have all been recognized as resonances Ly Roy and Carette

.and were alsc noted by Sanche and Schulz.” The classitica-

.

' . T ) - - a .
' tibas in  Tacle 3.2 follow that 'of Koy and "Carettel3. It

shonld be noted that in further support there is good acree-

_—

ment betwees the cbserved values 'and predictions™ based on

tgg,qraphiéal approach(illustrated on Fig: -3.5(a) aad (b))

ﬂércuand_dnd Cardinall? identify® their feature A at 24.55 &V

as a Lresonance but prefer neutral states fLor the other. two

”
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featlles.
. “ ’ )
el T /featurés d and. ¢ also seem tc e yscod ca1d¢dqtes “for

':g:unanCts Lasuu w0 this core, _with Clc lIlCathﬂb 552(25)

and )bSp(&P) reSDELthGlY. .Scy anq Carette assign phc pos-

s Y

‘“blbLe 582 (23) la sification to features which they observe

dt'26,92 dnd ?7 15. eV Lbut, .assumiﬂq'that the equivaleﬁt

452 (25) dus;gnatlon is correct in Nb, tne qxaphlcal apptoacn
. ; : ce e .
would suyyest thqt these ass 1qnmentg-ure LULOIEtLt, and that

this State pust lie'-dbn51derably higher in ene:qyf phan
S L. A : - ' .
these. It is moCfe probatle . that tue fLeatures they observe
are resonances ‘based on the [ 3s23p41+¥+(3P) core a5 Jdiscussed
A 3 ' . ' R .

. "later. Fecature [ coulu have & coutribution  [rom

'[353p6}(23)6§6p wiich is prédicted to cccur at 24.44 oV, nut

guite likgly there is overlap-°wilh the [3533p4]{3p)u3up?

configuration whick 1is cxpected in this “"region. Ha:CAand
' .

J?and Cardinal suggest that their Feature J at 27.95 eV could”

s nave o ccontribution frecm thls conifiqguration.

- ’ Yo

4t

1t si ould be noted that rCxsonances where the, two elec-—

.. . tfons hdve-different prfocipea gudntup pumbers o thosa

en considered in this ana<

“involviny & e¢levtrons have not

lysis, Lor rcasons aiscussed in the literature30t33,
r - > h .

Featuyres Based On [ 3s23ps 1++ Cores

a° . ’ ) . .

botn HdQCué qnd Schulz ahd‘SOY ana Lerttc observe a cou-

Voo : plL ol: lCJtUI 5 ‘cloSe to 27 .eV. ' | A dlp in thit féqidn is
'ﬁcuﬁsistently observed in the ptesent-data. 'Itaisxdcsiqnated

n
I »

. i in Table 3.3 becaule of iis weak statistical sigynificance.

T - -

A.uumlnq tnat these LedtuQQS‘urelresongnces, tor the reakons

. . o Y e - . - .

- . ot . » ' . '
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-gé' \ven in tie previous section, .it is ublikely that they are

azdocicted with the 25 core, - as squested by gRoy and Car-
ette. Tue ‘only Lecal altérnative is the [3s23p*7(3P) 4524p
conliigyuration. Sugport fof tais identification comes from

Fig. 3.10(a) and (b) where the slope:of-the line+linkinag the
- . ) V : ‘ ' ‘ lﬂ . ’
equivalent resonance in Ne with the feature at.27 eV in Ar

is consistent. with the slopes of the lines linkiny the known
(3P) us4p? terms, with the slight change(in slcope) reflecting

the chasge in the corg perturcation effects. A further bit. __
of iniormaticn in favour of this identificaticn with tae 3?2

" core is the fact that the .Eplittinq(close to 0.2 e?)

-fpbsgrved Ly both Sanche .and Schulz and ERoy and Carette

cloﬁerﬁfmétchgs'the knowr sgplitting (0.185 ev) of. the
art+ (3F) tern. Finé}ly,'if tbe modified Hydhérq'equation is
. used-to predict th¢ energy of this confijuration, a valde

¢iose to 27 eV is ottained. .
. . |

- -" ! .
As mencioned carlier in section 3.4.1, 1t seems very . . -

-

rlausiblie to associate featuLes L and g with the (37) 4slp?
. . ¢ 3 - . . o . -
conriqguration, ﬁlthouqn reature £ may be a ccmposite involv-

iny {25} 656D as discussed previodsly. The ayd@erq'analysis' -

lends additicnal support to this desigunatiou. Marcdhand and .-

Cardinal suggest that the (3E)usup2 configurationd may con—
tribute to their Feature at 27.95 eV, a suggestion also put

torward £y Lelfaivre and Marset £or their feature some 10 maV

higher-in enercgy34. ' )

in examination oi Fig. 3.10{c) shows that the pinding

energy ©oi eguivalent resonances is almost independent of tue
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- assuming that the séparation ox'the“d§2up and 4s4p? configu- -

' - -124- e
cory counfiguraticn in  He, -and this sugyests taat the sanme

would be true in the cther rare qases as well. Tais APPLOX—.

Al

ipation turns out to be less valid in the cases of Ar and
Ki, ©but it does allow 3 rouyh estimate of  the energies of

resonances based on  the 1D ahd_}sécotes, knowing the core

v

splittingu oL the pareat ion. - This suggests that the strony

Léature R, uear 29 év,_ ang also the. features observed by

Sanche and Scuuly and by noy and Carette ' near this saze
ereryy should have the (1D)4s52uUp classification, Thg;iela-:

tive strengtns of tnis configuration.based on the !D’and 3P

- - -~
-

. . 9 . . ! - - N
CoLes - 18 consistent wlth wnat was observed 1n dNe. The

.ohsérved 2 eV splittinq-letween the 15'dnﬁ JQ'térms i;>élose
Ato the inown_(1.7h eV) splitt;nq df_fhe.coré. It should be
screséch that éohiiqur@gicn ihteracti;k effects ace known to *
be -very strtﬂg h[or_doubly ;é;;itedfstates sased on fhese'

cores, so this classification wust pe viewed a5 tentative.

In a similar fashion, tae feature "2, at 31.30 eV and

tiuCce oL Saunciae Jgd Schulz and'vuoy and Carette at about the--

SEmE enerqy may be identiricd with the {1S)Us2up cohfLQUra—

tion. iiere the observed splitting is 4.2Z eV, conmpared with

tie kuown 3B-15 splittinpg-of 4.12 eV. Feature. 1 is also a
candidate ror ‘this classificatien. _ 1 .« = " -

The. final assignments gives in Table 333 are made by

ratiorrs are approximately independent of the core. This is

- e
H

cqnsiétent_wit@ the approximate indepéndence of the binding
I ) Ce .
energies with tae coré -configuratious. .Thus, ©ctased on the

-
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previous iderntifications for

the 3P core, features j and %

are linked with the !9 core’

Vs o

hile' o and p aré"iinked'mifh-

‘ . . ‘ . _ . . R R
the 15 core. Clearly, a lack of precise knowledge-of the
corfiguration interaction effect5:tinvolved, =  along with-thae

v

luzge numiper of possikle states whicha .could arise .from a

combination of three electfoms, fprecludés amore-definitive.

statenents about tne classification. Lefaivre and Marhet3s
igentify the (1D)4s4p? tern with - their-feature at 29.538 eV,
somewbat lower in enerqy’ than sugyested nere. R

Note that when the states identified o5 in Table 3.3 .are

ﬁlbtted_on Fig. 3.710(a) aldnq with the equi;alegtfstate oi'

L

Kr; rather good struiqht.lines are obtained. Tais adds some

support to the, identification, as does.the Rydberg analy-
S5is (doae in section 3.4.0).
1

-4.4 Kryptonm -

(V)
£

. a
e ”

The spectrum obtained ror.this gas  is swown in Fig- 3.8
] . ;

. . ol . ’ - . . "' . N -‘J . v
and the data. «for the most prerinent . features are tabulated
" 1n Table 3.4. Alsoc given in. the table, are resonance dat

. . . . e . T ’ .

Jrecm other sources for ccEpafison  purpcses. . Table 3.4

reveals. aJain-the close corré;ppndence between the electron

. . o ® R . . . ‘. ) .
~transmission work <c¢f Sanche and ‘Schulzd® and tie inelastic

electron scatterinyg data of ey eg alte. - Thus, the samde

v - . ©

pro‘cedure 4s was used EOE‘AE"H}ll‘be used for- Kr, namely
working under¥ehe “assubpticn that thé features observed by

these authors were fredcminantly resonances rather tilan neu-
tral autoionizing states. iWhere a feature in Fig. 3.8 cor-

ST . a .
responds to cne cobseryed DY these workers it is assumed that




-

agreement with .ioy et alte,

-1Z2¢-

# & resonance fs resgpensible and the techniques discussed pre-

vicusly are-used to aid in ‘the didentification. . Two cther
techn;gues-which-gnploy electron impact, namely electroioni-

zation measurements¥l ‘and troadband: photer yield "meoasure-.
ments2%y. - dave revealed a wealth . of Structure most of which -

ids Deen  attributed to aneutral autoionizing states. The

- Tesonances  cbsérved uy . these authors are alse listed in

Table 3.4. . - : J_- o R

.‘Features Based On [ 4sUps]+(25) ;dres

1

- ML

N . . ) " ¢ ) . o
sonasly well with this coref{as it did wit® &Ar), then Fig.
3.§(a) and TFig. 3.S{y cud ke used tq'ppedict vhere reso-

BuLcCes based on tiis core will cccur. Ticse are listed in

-

" the second column of Takle 3.4 and. enanle fcatures a, . b, e,

‘.

" and i to bhe idéptified'with the Ss2, 535;,' 5p?, 632 and

636p resonances respectively. Note that tais classification

ajrecs with @0y ot allé for the first tuc: features Lut not
thereaiter.  They identiiy feature d, scoe 0.23 eV lower

-than e, with the p2 resonance and suggest tapat the és2 ceso=

nance occars at 25.35 eV, 0.45 eV below tie predicted valag
and iaconsistent withvtﬁe trends ar Fig. 3.9Y{a}. Valia and

narmet%l‘cnly éuqqest onc.réscnance, the-4di; based ou.this

core. = They identify a Zfeature at 24.Y2 eV witi this

donfiguratiorn. Boulay anid ndrqhand29 7identifygreson@nces'

552 and 5s5p in qoog dyreement with cur features a and b,

-

but suggest that the’ 682 resobance may occur at 25.40 eV in

o

it 1s assumed that the grdaplical aprroach worke rea- “



-127-

In Kr thece is clearly evern nore overlap of Zeatures

besed ok different parent or. yrandparent cores ‘than in the

case of AL, .50, precise identification Leccmes corresgond-—

inqly amore ditficuelt. =~ Feature is probakly a composite,
Ll s L, 2 = ‘

ard in fact bLota Sgnche and SChuizﬁ dndlﬁoy*et‘dli°_identifv
T two resonénceS‘Ln’this ;egicﬂ,-protably one_ﬁitﬁ a'two elec—
tron gonfiqurdfiqn Léseé’on the 28 Eoreel anﬁ‘tgg.othc:'with
a thcée Qlecttqn ccﬁfiqurdtibn‘ﬁased oh:the‘39 core.
Features Based On The [4s24ps]++ Cbres

- _uccau se of the larye. . .core splitting inveolvel herc and

4also the large qmouut of fcohiiquraéicn interactiou which is

‘to bc'uxpectedzs,'accurdtc lduLtlLlCdtLOﬂ of tue Leata-es is

very -dizfficult.  TiLe uVurldD ct dlﬁierenx'chaunels ment;aned:.

-

above introduces still Tmarther ccemplications. & For these

rtasons the proposed identitirations glven Zor the features

in Table 3.4 should be reyasded as fairly speculative. How-
ever, . in spite 0i this, ccmpariscn of tiae Krespectrum with
those Oof - Ne and AT sSug4esSts scne approaches wWhich ®may be

'helﬁful.j ror exam#le, ¢xperience with the other two-gases

lndlvutuu tndt LeSCnances,ol tue type ch)(n+1)52(nf1)§ and

(1;J(n+1) 2(r+1)p bhoula Show up . qu;te utLonqu. 'In‘addi—
tLon LL the ‘ulndlng ererqxc& OL-tneSe uoqquuratlous dre
deLOXlMdtLlY independient of the core COﬂilquEdtlon(aS in Ne

and AL = 3e¢ Flga. 3.10(c)) then these ‘rescnances anould bL
scpargﬁtﬁjby‘ tﬁe“1t¥ls co;e-splittinq- or the parent ion.
Tge knoﬁn.pbsitipn“.éf‘the (3Ei5555p resondncel-uear 23.u eV

Lelps to position approximately the reéonances,baséd on the

Iy and 14 cores. . These ideas suggest that the strong fea-



L rLedlon above 28 eV. . The 1D ones are such more difficult to

‘dldentily because they will lie in a region wiere there is.

:in T&ELQ 3.4, Clearly,'much_

=128

tures £ at 25.0% eV and 1 at Z7.19 eV. can Te identified in

this way.  Their splitting of 2.15 'eV can be-conpared with
the 2.25 ev Spiitting ol thg'pazent core, The Rydkerg ana-

1ysi3 ulso suggests that feature k at 26,89 eV should also
be considered with 1 for this ékassification.

.
- -
0

. Again analoqoﬁsly- with Ne and Ar it is cxpected that a

%air of 1‘}i(h+1fs(n+1)p?-reSCnances,'with tﬁe higﬁer enerq}
OLE p:eddmindtinq,.sAoulu he seon. By clﬂssifyinq featuré;
‘C and d in this way we have a bésis for idenﬁifyinq the}samé
outer coﬁ;iqqratiodgbut Lased on'ghe 15 and 'S cores. A 1§
éonﬁzqurutian can almost‘cerpaLgly,be identifi;d with fea-
furé‘m siﬁc§ it is tpe‘oﬁiy S;ronq feature in gﬂe uxpeéted

“agch’overlap.with the resonances based on the 25 core. all
features tetween .25.5 and 26.57eV,' nawmely g, ‘L, i and j
- L - .

.

.skould be considered for this identificaticn, as indicated

further experimental and, tkeor-

- wetical work is required to help elucidate this situation.

It sihould - be added that the restriction to  resonances
wiepré the principal guantum nuzbers of all the excited ¢lec—

tzons are the 3dame, a situation which seeued to hold for Ne

caund Ar,  may not be a valid assuzption Fer Kr and Xe. . In

—

addition, the discrimirmation agaiust possitle significant

- a :

contributions from-neﬁtral‘stgtés'mayAbe anfoverfsimplific4~

Ttiou.
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-

The present assigaoments are ratuner different from those
0i Koy et al'* for all - of the resonances.based or these
corvs with tuce exception of  (3P)5s25p and' (3D) 5s%p2. - Tiaey

su¢gest a {2S)4d? assignment Ior the strong feqture, I, .near

25 oV [compared wita (25) 652 at 25.36 eV}. Taey.. assiyn a
(IDjSSQCZ'confiquraticn at Q26 eV, -aund thelr other assiyn-

ments ificlude a aumber oi  Wiguer cusps asscciated with neu-

tral states. ‘ o N

valin and  Jarmet31 have sdggested resonance assigunnpents

based on this core for. some cf their features observed ia
ihe total ionmization

yield and these are'noteq in Table 3.4.

Tiey assign (3P,)5525p to the rfeature they observe at 22.68

eV - Aoy et all?® suyyest . that their.icature at 23.33-23.50

eV, sone 0.7 @V wuigher in eneryy, &nas a similar outer
configuration, but is based on t he (3Pﬂﬂ).cores. - Tac sepa-

cution 1S fairily cousistent vith the splitting (w0.o eV} bet-
ke 32, aond 3Py terns of the bare core. No feature

near 22.7 eV was observed in  the present work, but this is

not suprising since the {3P)5s25F resonances decay weakly

€ into the metastable chanwel. - Valin and Xarmet3?! agree "with

Pl

tae present idéntification cfe the 55552 contiguration rased
ol tie 3P aud 1D cores as indicatéd in Table 3.4. . Their

[94 T

. other- rescnance - feature  at 240 eV ' 1s attributed ¢to

. v

{ibf5525p based .on thell assigoment .of tae (3P,)5s25p reso-

‘pance at 22.68 eV arnd the expected -splitting "of -the' terms..

Boulay aud _ Marchand2?® also cbserve numeérous = features in

this energy region in their. integrated photen yielidd How-

. - . - 5
‘ . . .

.



o

ever, the& cnly attritute‘ohe 0% these(at 23.80 ew) to the

resonance (3P,)555p2 based on this core. Tais is in reason—
) . CTr
aible agruement with the present assignment of - the feature -

near 24 eV ino Fig. 3.38.

NOne oI the other authors suygest that any eof their Zfea-

tures could bel%uu to rescnance€s btased.con the 15 core.  _
3-4.5 Extension to e

Alshouygn no neasuyréments were made with e as a tarqeﬁ

.

. N

9as 1t is possible to nake scme predictions based . on the

yraphical analysis. Tue work indicates that resonances
Pased on the [ nsnp6)(25) cores are more or less well behaved : ’

anu that the graphical aprroach. works fairly well withs them. .
. . : ‘ g

P Thus fig. 3.9 () can . be used to predict tae enecgies of the.

.

7]

A= resonances based on this cecre.  Thé result oL his are

yiven itu Takle 3.5, along with the Jdata 0f Sanche and

Schulzd and Delayge €4 all'3 fOr COLEarison pULFOSeS.

It is obvious frcm Table 3.5 that there is ycod agreement
- ~Lutweea the prediction for the 652 resonasce and the okser-
. 'V R N ) ! 1-' ) . i A A - ) N s . .
vatious ou both  sets of autuors.- This adds velght to the

other predictiors since .the idéntification of .the 652 reso-

‘-
o .

© ndnce is well establisked. The present predi¢tion also con--
-1lrus the assiynment ofs Delage et al of thelr feavure at

-

13.38-19.55 eV as ESGp(?P)'.and Strthe Same . .time rules out

.

thelr suqqested~désiqnation. or the same conflguration to~a

feature at the siynificantly. lower energy of 19.1 eV.  This
. T . . v .
illustrates the useidlness of the technique.



Predicted and

Aescnance”

- {4) Feature

Eneryies

was

-

Jiven
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Table 3.5
QL served

-

Predicted Eneryy

Coufiguration {fron Eiq. 3.9)
rssspad(ZS)uszizs)‘ 18.84

t TSs5pe 1{2S)6s6n(28) 15. 37
':3:5 ¢ 1425) 6p2 20,51
[ 555ps 1(25) 752 21.73
[ 5s5ps 1(25)7sTp " 22.02

desonances 1in-Xenon

SdﬂChE'dDd Delagje et al.

Schulz[ 3] [ 13] L.
18.85-13.96 16.88-18.95
1;.4(a) 19.38-19.55

[ 20.89-21.10]
[21.64-21179]'

-0u-22 26}'

not listéd by auﬁhcxs but apparent on fiqure;

in brackets lndlcate that a dlfferent 1051qnat10n'

by th

-

€ autnors.




=132-

Al .
. L4,
o

e

) . - -.__ .q. Lo . o .
it can - also be suggested that tieir . designdtion of

(25)6p2 tc _their feature 6-617 at 20.Q8420.§2.éV* would be

more appropriate to their feature 7-7' at '23;89421,10 eV.
They should pfohably also consider the 752 and'7s7b coniidu—

rations f{or ‘taeir reatures 9-9' and 10-10' in. addition to

- -

- . - b

the oticr possikilities wiaica they list.

-~

Makicg predictions for resonances-hased-ca _the [5s25p4 ]+t

cores will be far less rellable  than tirey were for toe 25

core’ since cornrigquration  interaction eifects will almost

certainly cause siyrnificant deviations frcm the simple rela-

“tionships uscd. ~ however, ﬁdr' the saxe “of completéneSs;.

..

these predictions are lisﬁe%fin Tablé:3;6,7§lond_uitﬂiobser—
'v;;ionSWOE other altpors uhere.thcy SQE,features”at or near
the-pzcd;ctéd CNCIGY. It should be stressed that _fnese
'prédictious h:g only spechatiﬁe aﬁd indigqte' phe>ap§roxif
ate pésitiohs'of these :ésonahces thap‘one‘miqht ékpect;

\

Future experiments are being planned to study. the meta-

stable exGitation spectrum of Xe. to exumine the validity of .

" e
"

sOu€ or these sugygesticns. lowever, it dces se=m clear <rom
~the work of Roy et altls dnd.'Delaqe_et alls that as one pro-

yjresses to the heavier rare gases, .decay ¢f neutral, states
becumés more significdant in the inelastic scattezing channel
as compared to tie decay of resonances. Clearly there

cemains a great deal of work tc be done on this problem.



~133=-
b N
i - ' o ‘
- R JIable 3.6 S
fredicrted and Observed Fesonances in ( [ 55258 1t+ Cores"
Hesonance Predictel . Sanche and Delage ot al

-Contiguration . inergy (eV) ' Schulz[ 3] (ref 15)

(suyaszap S 19.22 L ;A.J f_'_ 19_1o7
(32) 5156p 2 . 19.79 | 19.78-19.88 - [13.73-19.87]

" (32) 656p2 :7. 20,1@—:0.17 - -  rzo;oéézo.ﬂgj:
(1D) vs26p 0 ztas . SR _
(1D)b$dpzi - zi.ui : ‘ﬂt - [21.25-21.407
(tnjssepz o 22,05 ' ' [22.04-22. 261-

- (18)0s%ap '25.17  S o r43 221
-EZZEQIZZ'I;“IEQZ;Z;'I;EIZ;te that a dirferent desigaation
Was q‘vev uy the authors. - co e , T



.The irameuork o£"this,equation‘was discussed 1iu section

-n

3.2.2, and’1 oW, its dpplluatxcn to the rresent data will be

exanined., ad

Aﬁplica{ion td.[nsnpﬁj(és)ﬁlmli States  .

fr ]
-4

ledye ot thd qudutum de:ectb tor the ml aad sl' electrons.
' Theseican'bc"ugduch'from the correspondinq singly excited
neutral states, such, as [core]*rl, for example, ©y using the

notmal iydberq;eqdation.' Ii tke neuirai ététe isrsplit into

Seve 2ral- Compongnts by magnetic interacticas and exchange

.

erfacts, the center or qravity of the multiplet structure

nust be used, as. dlbcu bed Lyunead23

Quze of £h¢ sigu@fic&ht.tpings obServed.b} Eédd wag'that
the #g1u€' of 0, " the screenihg constént, "rémaiﬁe@_glmost
'éonstadt LOr a qlvén conrlquratlon in various qaées; 'ﬁis
Vqlucb of ¢ are llbted ln Tanle 3. 7 for Ne, Ar, apd Kr tasead

Oli tge aps cores; - Notlce' tbat the value-cf,d iségairlv

‘constant.fdr quLleent ponflquratlons in. Lan 345 This

buqqnst; that .one.. cOuld evaluate the screeninq constants ‘for.

i

1tae‘(nf1)s?, {(n+1) s (n+1) p, jh+1}p2, (n+’>)s2 and {n+2) (n+2)p

confijurations in ¥e, and theh use these values to predict

'Ttie energies of the eguivalent resohances in the other rare

.gqases. These predictions are given in cclumn 5 of Table
3.7. . Also shown in Table 3.7 are the enerqies predicted
T o ' e o .
usiny the yraphlcal approaco(last ccluan). As can pe seen

dl"CUand 1n SeCthJ 3 Z. 2 cne rirst requires a know- .

=)
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. 1Table 3.8

., Observed and Predicteé EBEnergies: Loubly 1onizéd‘Cores

‘ L CLserved Screening Eydberg Gtaphicai
6as Cpnfigﬁxationr Energy Constants Apnalysis Analysis

Beon  (3P)3s23p 42.11 - 0%262 , N - 42.09
{3p) 3s3p2 44.05 | 0.261 ' : 45,06
{3p)3s352 44.36 . 0-268 - ‘ 44.35
(D) 3523 - 45.25 0. 262 45.25
(1D) 3532 47.38.  0-265 ‘ C47.39
{3D) 3s3p2 4764 0.270 "  47.64

; (15)3s33p - 45.C2 0. 263 i _ 48.98

Argon  (3P)us24p - 27.(8 o 27.45 © 27.20:
(3p)4=suyp2  “-28.30 28.88" - 28.26
(3P) 4s4p2  ZE.ET - o 28.88 128.61
(1D) 4=24p - ZE.S8, L "28.92: | 28.96

- {1D)}4s4p2  2S.€6 - 30546 Y 29.83
{tDy4s4p2 3033 T 30.46 30.34 -
(1s)4s24p - 3C.S0° 3128 . ,
(1S)us24p ' 31.30 . , 31.28 - 31.12

~ (31S)4sup2 32212 . 32.94 - -

(1S) 4s4p2 2740 , ~  32.94

EryrFton (3P)Ss5p 23.39 _ 123,27 23.29
(3p) Ss5p2 Z4.C8 - k 24.74 C24.11
(3P) 5552 24,51 oo 20074 24.48
(1D)5s82%p ~  ZS5.04 B ©.28.56 = 25.05
(1D).5s5g2  25.%59. ‘ - 26.10  25.61
(1D) 5s52 26.20 - B »26.10 26-19
{15)5s25p - 27.19 . 26.77 27.01
1338555 2680 - v 28.31 . o,
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i “'W . T - ‘. . -
there is rough aqreement betwe€ecn the oLserved energies aad

. - those predicted by the modified =®ydberg.equaticn, and that

the yraphical approach appears to work muci ketier-in wost
cases. .

Tht reason that ‘the modified 2ydberg formula approximates

the: resonance energies is’'of. course, -that the screening.is

.deduced fros tie data, and that the core interaction, is
4 ' ! ' . - T . .

built into the guantuw defects.  J4hat this formula will not

- 4 -

w- - huadle well at ~all is the fact that configyuration interac-

tion will probably have an efiect on the screening constants.
as one joes "from Ne to Kr, and and_alsec, the interdction of
s -

-tue core Wwith two electroas will not be quite the same as a

B

 core-one.electron cass.

-,”Appliqﬁtion to Doubly Ionized Cores

- o P

Tﬁé nresent work also bf&nides“han opporfunity td'test an

extension of the modified . nydbery -eguation to a systeam of

-

: : - . . : - . :
. “taree electrons attached to.a positive ion core:’ It should

be pointed out, nowever, tnat ccrrelation effects will pro-
G : H . .

“bably m'ke. this approack scmewhat unreliable.
. S RS - .
R -

Procéedind as ir the case o: the 235 core, thenduéntun
'deﬁects Lor the [coref++ml e;éctrons"ﬁre dedﬁced ﬁ;om.knoﬁn
data3s and - then tﬁe screepinq ‘constants for Ne are calcu-
'flated. These conshants are then _ﬁsed tc predict the‘Eeso-
.“ﬂaséé“égéfﬁieélih ﬁhé”otﬂequésés, énanfhe.}eédifs érg.diéeﬁ
in Table.3ﬁ8,‘ ;As can Ee éeen frém thg table; surprigiﬂdlr
qood éqféemégt-hetveenl predieted  and 'observed values -is

‘obtained, considering theé rc¢ssible proclens meﬁtioge&”above,'
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3.5 CCNCLUSICHS AND S

UGGESTIGNS

3.5.1 congciusions | ) _ .

Metastuble excitation spéctra it the doukbly excited state

' “rFegion nave been obtained [or the rare gases Ne, Ar and Kr<

- .

Tne west prominent ieatures in these spectra have been iden-

. . '\, . . ) - : . ,
tified'with negatlve ion resonances based on the [nsup® 1{Z5)

v

ard [ ns2ap®1(3P,1D,15) ‘cores, and similarities Letween equi-.

valent resonances iu the dizierent gases have Lcen demons-—

trated. L

The qraphical aprroacy usedibY‘Spence to analfze neqatife

iy

ion resonances delow the first ionization thresuold in these

yases has peen extended to the higher emnerqy region and has

o

Leel shoWn to . work very well in the -present case.  The
‘method works particularly well for features based on the 25.
cores and hLence the identification oL theseée " resonances is

.

_Feasonably sure.  This arpprcach has Leen shown to work for

_features bascd ‘'on the 3P, 1'D and.!s coées,g-hut hecause Of

-thc‘eLleCts_cf-conilquAtiou interaction and the largye num-—
per of possitle terns involved, the classifications of sthese

o

features must be regarded as tentative.

¢

In agdition to desonstrating the power cof the qraphical'

T

“Tapproachk as a ‘toccl for identiiying. rescnances, the devia-

.

~tions frem the. .linear behaviour of tinding energy vs reso-

naﬁce‘enerqy_have_ been considered and 'were . suggested to be

_ related tc perturbations df‘tﬁg outer electrons by the fposi-

.

tive ion core. ~ The significance of the slope of the line



‘were Jdeduced

‘LOr thesSe rescnances. -
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joining equivalent Tesonances .in suck a -plot has also been

-’

considered, and has been shown to be related to the amount.

of iaterdction between the core and the outer electrons.y
) : : o Ty ) : .

" -.' Ld - 3 i " - ‘ - o . ) . I .

The modified wydbery 'cquaticn proposed ky Read nas peen .
applied to the present data. AFEffective screeniny constants

from the Ne date, and following Read,  these

v

ES

were used ro ﬁredi¢t the|enerqies or edtivalent;:esenances

in Ar and.Xc. It was found that the predicted energies were
not as -jo0od as  ereécgleés given by the ygrarhical approach,

. . v . . : - - . o
differing frdm-Ehg“_eiperimqntally; determipned energies by

several hundred mev-in gcme casés. - It was also fourd that

the eifective screening constants deduced frem the data -were
close to the v@lues-e;pected‘ibr ccopletely correlated elec-
trons, particulary when two-outer electrons were considered.

Frem this result it can be concluded that o high degree of

correlation tetween the outer. electrons .is tc be expected
oo ! A

'

~ -

rasel on the -relative success of the grapkical approach
‘- b \‘ - . . .

) '

in Ke, Ar, aund Kr, the eneryies cf the equivalent resonances

in Xe were predicted.: A ccuparison ¢f these predicted ener-
Jies with the results of . other authors indicated that there

were. indeed Leatures. present at or near the predicted

-

‘eneryy, although in maLy - l1nstances the cbserved features

wuere ndt-clasgifieﬁ- ds negative ion- rescnances by  -these:
) . o v . .

authors. :

Ay

... Coumparisons of the present data were made with the data

or other euthors.  Ibp many cases there was. disagreement bet-
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Ween the present classiiicaticn scheme and the classifica- .

tiOns gi?én,to sigilarc reatures by these authors. Agreement
‘was found gatwegn our udtd and the data of anhOES'Hho'uSéd

'techniques which were enSthvc to tue detectlon of negative

ion resonaances, thus adding weight to .the present conclu-. -
L Si0nS. .
Finally, uidths were determined for scme of the more ise- - . =
1¢t;u featires in the =pectra. . Because 0i the statistical T

'anchtdlnty in the ddtailt wab not pUbSLLle to ietermlne tqe

»

widths with any. great prEClblOL. Alsc ancerta;n*zes were

n . - . ! .
*introduced bccause of the overlapping cf fcatures ‘iu.sone

Al

instances. . - o .
3.5.2 Suygestions ror Futurg Ees€arch .

lt cau be seen tpdt‘phére.is still a great deal of work

A *

to be done  wWith the rare gab es in connection with negative
) N : X .

_ion reséhances."'seﬁerax avenues of appzoach‘cag be'eﬁvii\;;—‘//’f—#J’
qionea for future expefimental>worg:‘: L , : JV . o
' (1)‘3 5tudY of the metastalrle gx;itaiicn fﬁgctions. St
for Xé.in tie doubly “excited statg‘ fegion:
‘Thi$ can e used to test the predictions of
the graphical app:oaéh7fop thla Jas, as well
S . :
as -to look for a contlruatJon o£ the 51ﬂ11ar1-
ties between equivalent ;esonénces' as was
~-iound for xeg!ﬁp apd Kr. ”Because_the_métasta—
ble éxtitdtion_ energies are lower in Xe than e . ,;
Ufhé‘opher rare qaées, a.speciﬁl 1ow—workfunc—

(tionldgtéctor is currently peing developed for
S ) &



; S L SR , .

use:¥ith.this target gas.
- . B
{3) A contianuation. cf the preseni work with the

alm of obtaining a ”significant improvement in
the statistigml accufacy of tﬁe_datd,'ailouihq
~an examinatien of the finer details superim—

posed on the majcr features to ke carrcied out.
"{3) An exteosion o©f the present work ‘to even

P -

higher iwmpact energies.. It would be useful to

* look For ligiier lving members of the Rydbeéry -

series based on the 25 core’ in particular, so

.that{a‘true ﬁultichanhel‘quantum‘dcfect-theory‘

could beg usel to analyze the data.

{4) To further aid iu the identification and clas—

tic - scattering ‘studies Twill ke performed..
This typd of experiment will alsc allow the

coutributions of different partial waves to

the scattering Fprocess to be evaluated, as .

well a5  the pranching ratios intoc  different

-decay Channels.
(5] To aid in  the assignment ol energlies to fea-
tures observed in the metaltakle chapnel, more

séphisticated'datd‘analysis . techniques should

be ‘developed., '~ In paiticular, a;‘teChni4ue

. ‘..Vlkﬁich would ‘beqabie: to’ hamdle overlapping’

spectral fecatures would ke extremely useful.

¢ . -
.

sification of resonances, differential inelas-

FLE
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4

306 AREERDICES

3.6.1 ionizatigg Ppt'entiél's for the Rare Sases
Sas 'Coz}ﬁiiq__ur_ati'cn‘ ©© Icnizaticn Pote‘ntial(‘ev) .
‘Neon | [2s2ps{25) ¢ - - | 4E.463
[2522p2](3k,) ++ . . - €2.512
[2s22ps](3py) v+ -~ v €2.593
T 2322p% 1 (3Pa) Y o e2.627
C . [2s22pa](1D,) tt . £5.712
.‘_ [2522;)"1(150} ++ . * . ‘- 69‘—“‘422
‘ATqon C[3s3pej(2sy+ — C o .25.231
- [ 3523ps 1(3b,) ++ » . 43.37S.
[ 3s23ps](3p,) t+ o 43.513
" [ 3323ps ] (3Pg) *+ . 43.370
T3s523ps (b *t . 55.112
[3523p%](18,5) ** _ 47.458 .
Krypton [ 4s4p6]{28) + - 27.507
[Us2Upe}(3p,) ¢+ . - 381350
Ces24pe (I, vt 0 L ~ 38,914
. rquqPA](3PO) ++ . ’ 39-009
[4S24ps1(1D,) ¢+ - . 40.165 ° i
‘ [4s2ups1(3sp)++ ' . 42.450
KELOn ‘rSSSpﬁ](2§)+ . ff : _ 23.395
 [5s25pé1(dp,y 33.110
. [5S25p47(3p,) ++ ‘ . 34.324
T [5525p% 1 (3R,) tt 34.106
f53585p4)(1D,)++ T - ~ 35.230
[ 5525pa7(1S,) t* | ) 3727460
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:§'§;; Calculation of O : _ P | . :#‘

.

. This appendix briefly descrites .the relationship between

‘the §creehin§ qonsf@hffﬁéed in the #odified aydserg Farmula
:and.electroh cqrrelations;3' Ié;illuSt;ate‘this,we wiil con-
fine.ou;selves td the'Sitthicn ‘where the outer elcctfoné
Are ggﬂglg&gli‘eérrelated.; L -

+

L3 =ILp=TC

: . .4.'. V ' . .
Consider first the case for two outér electrons, as 'saown
apove. Theé electrons are on-opposite .siles cf the core, and

at tie sane distance from thé ccre.’ The poteuntial enerqy of

tiuis system is given by: SR
L Ze ', ._ e ' -
V(D) = - - T YTy (346D
wiere & is the charge of the core: Using tohe f{act that the

radii are equal yields:
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_2(z-0.25)e? "

(3.6.2). °
7 :

V(r) :=

-

| Tuus the gifective charge seen by each. electrom is z-0.25,

.

+ and 50 the screeainyg constant has the value orf 0.25.

. . | -e

PR

‘L1=C»=C3=T
How consider the case of three correlated electrons, as
‘showu above.  These should sit on Whe "vertices of an equi- .

. dateral triangle”, and ‘the potential energy of tie systen

182
}
‘ 2 2. 2 .2 2 2
v(r) = Ao Ze e e e (3-6.3)
| o T1 Tpo Ty Ty 13+ F23

and tae separation ketween each electren is:

L., =/3 -
1]

Taus the eifective potential sSeen by one electron(due to the

core iield and the other two electrcns) is

V() = -(z-2¢0.289))e%/r (3.6.4)
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which gives tbtﬁscreuning.constant a value of"0-289g

@ 3.56.3 sdcqucﬁud‘Suttraétioﬁ o
gecall frcm-séﬁiioé‘ 3.3;2 that the features of intécést"
in the retastable eiciﬁatidn Spectra ie:e hiéhliqhted by
remdval_ofﬁ'the iﬁrgé‘bacquound lpresént in the"dgta- ~ In
iang ¢aée§,v tais backéréﬁnd aas' hithf—"ﬁcn-iingar", so a
. Sthra;tién'routiné wds written that _ﬁould remove the loyj
. : . , - P

ireguency oscillaticns(se¢ ref. - 36). This was done by'an‘

‘ ) . . . v Co ‘
averayiny routine wilch Teplaced toe polnt y(i) by:

VY o= Y GST) e 2704 ¢ Y LLET) 16

except for the ~endpoints of the " spectrum, vhick were

ontained bLy:

YA <= [yt o+ oy () 12
) . o _Y(D)‘<—“ Ei(n—1f + y(n) 1,2

-Tf{is was repeated a large numter of times, usually TQOHHOOO

features to be studied. | S

. ‘ . . . I
asses turough ' the data and then this smoothed data was
’ B - . . .

Subtracted frcm the original data, leaving behind the spall

G
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4:1 . INTECDUCTION

.

. The subject of electron-photon coincidence experiments’

has received a great. deal ol atteation cver the past 12

years. since. the initial'theoretical‘ work of -dagek ‘ani

Jaecks37- A masszve ‘effort has been put - intc angular and .

polariz ation’ COrrelation"studiesjs—so ‘and related top-

.

icss ,'52 botL expOLLﬂéntdlLY dnd tneorgtlcaL‘y. Elect:on~

P
-

puoton. coxnCLJane studies yleld tablc information about tne
mdqnltua s aud reldtlve pnase: or the scattering amplltudeb'
wnich ueJCLLFe tne scattcrlnq procesa, and also information

apout the elementg oi ‘the a nbltY matﬁax wiick descrlbes the

"w . ;
.

exc;tqd ‘State. SuCh studies prcv1ue tue most sens ltlve
. tests of existing theoretical approximaticns.sS3-s8

dost of the experimental work nas been. concentrated on

Hedli-e7ese, beCause'theuSituation is relatively siaple-  HeS
‘. o , )
can ne des Crlbed by LS coupllnq, and there are no Line or
-r, : ‘ S
uypdrllﬂe strgcture e"ects to contend with. -~ Some ¥ork has

ulso been done u1tn Ne“° Ar“a'ﬁﬁ'blf as uell-@s with atomic

7hydr0qen4°'5°'65 Some wcrn has also nmcn per'ozmeu w;tu g
is_a target gyasee, as well as uith Kre? and the heavy rare
q&sesbJ. Spini POldIladtlun eLLacts have alao been under

invesﬁiqat;oﬁ iﬁ;e;ectron—pnotcn co;ncldenco experlmpnt564
Verfﬁlittle 'uock,hés_been dote witthoLgcules. 'Tne only
‘;pfevidqs _study,ihas‘ihéehrgj p;elimiﬁa:y‘ investiég;iPQ .oﬁ
pola;izatlbn»coerIAtion in H, bnycCaney anﬂ'malcolméll
On the théorétical side; the cnlY tréatmen: ypiéb exists iél
the density matrix‘ formélism of - Blan and Jakubowicz for

. R LT _ . | -

. - N
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no lecules obéyiny s¢nd's case (b} ccuplings?7. .

L .:4)"' - .
The present " work examines tne excitatica of the Qi+

state of H, 2ndé the Cl state cf H, using the electron-po-
oo : o u. N ' oo

“larized photon coincideuce tecabnigue. " Tdo Stckes' parame~

ters oi the emitted radiation were measured as.a function of

*

iuzcident electron energy and- electron scattering angle.

Sccaunse the _radiation lies in the VOV. sgectral " range, ' no

‘méasurcments of cilrcular polarization were possible.

TLis work begins with a theeretical iramesvork necessacy

»

to . undecrstand the coiuncidence experiménts. This is done Jdu
section 4.2, Section 4.3 describes tae details of . the

experinest and  the reductich of coircidence spectra to
obtain Tht .Stokes' parameters. . Section 4.4 contains tihe

experimental Cesuits and a. discussion of the data obtained.

Lastly, section 4.5 puts rorward some conclusions and sug-

" gestions LOr Futule CLESE€AarChe.

S

at
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4.2.1 Introduction >

e

Tn this section a discussion ¢f the ‘tnecry upon Wwhkich an

electcon—pﬁotgp vcoiacidence éxperiment.iﬁ_'ﬁgsed- is pre-
© .sented. The Eirstf toﬁid oifdiseussicu is #olarized:liqht
' and the %tqkes?vparamet;fs and hoﬁ‘théy can te determined by
a series' of dolarization Deasuremnents. J Next a review of

.

coincidence ‘experiments with He is giwen, wusing the densiiy
e : ; g 3 _ =

matrik'forﬁalism, " followed by tre denéity matrix approach
applieJ\tO aolecules. Lastly, a discussicn of threshold

“polarization of wmclecular cadidﬁ;cn -and pseudo-tnresneld

-

polarization neasurements is presented. -

'4.2.2 Polarized Liyhkt and the Stokes' Rarapeters
R I ) . o
. . S 2 -

CofSider the diagram illustrated in Fig. 4.7. This shows

.

.

_ schematically a source of poclarized , lignt beiny observed

*

. from the y-direction. In this case, the ligat sourde con-

. C

sists of two dipcle oscillators, one oscill&t;nq along the

z-diraction, and one osciliatinq'alonq the x-direction. " In

genecal, the two dipcles can ke described ky Lot
and a phase angle. Now this light source ‘can be cd
ized by 4 'quantities known as tbe;gtokéé' parameters. Th

parameters are:

" . L

(1Y-Thé~t9ta11Uﬂpolacized.intensity, I, .of.light .. -

o . . 1 - '
observed in the y—direction. ‘ . o

(2) The degree of linear polarization, .Si, mBea-

sured witk respect to the two orthogonal axes

- 4.2 TBZ THEORETICAL FEAMEWCKK e
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- lz and «.

.:‘ A - - :

B . ) -

(3) The degree of llnear polarization,. s,, mea-’
. - v

sured Hlth respect to . two ortquonal -axes
or;ﬂnted at 45 aeqrees to Z and X.

-{4) TnL.deqree or circularc pplarlzatlcn( So.

The first three parameters can. he determined by ‘placing a
. . . . - *1 - ) . . Lo -
'linear gpclarizer netueen the scurce anu~tne detector. Ic

vthe példrlvat;on vector’ of tke: pclarlzer g ., lS fOuthQ

throuqn an ﬂnQLe 8u1+h respect to thc Z ax1a, tnen.

.
-~

. N ‘
-M"JE(B)‘“’cbsB 2+ sinf % - : ‘ o (4.2.2.1)
- Sl’ o ‘\ . . ) A . ' ' _“,
iz B}y) is thL observed electrlc field dlcnq t y éxisﬁ

then. tne’ObbEIVEd 1nten51ty tran=l1tted ty the pﬁlarizer is

Sgiven hy. o o . , s

i) - m@(gnz L (ee2.2.2)
;nﬁ>thg-5t6kés' pardmeter~ dre q1ven bya | T
h SR ;E:I‘I(O)+I(90)" .
R Is, =1 (0)-1(99)‘ \ |
I3, = 1(45)-I{135)

T;é' déqreé of  cifculaf‘.polérizafion faaﬂ'be ‘méashréﬁ by
lusertlnq a qudrter-udvg plate in zront of tne llnear polarc-
lzg; and medsurlnq tke 1ntgnb;t1es_.at 45 and ‘135Adegr¢es,__“

.

and it is given by: )
o o Isy = I(RHC) -1 (Ldg)

. Waere .i(RHC) ‘15 the lntenblty of R8ight Haad Clrcularly
vPOla.I._'izéd %i_ght,' and I(LHC) 1is ‘the- 1ntens1;y of Left Hand -
Aﬁircularl;ipolﬁrized liéh;._ ‘ - ' ' :



—152-

The electrlc fleld alcng the y dlrectlcn produced hy the
tuo dlpcle oscillators is given by-
E,6) = el08(a,01%2 5 1+ 5 oifx ) o (#.2-2.3)

o : . L )
If the - x compcrent of the electric field is subject to.a -
retardaticn ni{ty . a guarter-vave tlate, fcr erxample}, the

field is then given by: . -

EG0) = eM(azel®2 3 4 2,1 4 -2z
Uéing'this it eguat;cn 4.2. 2.2 along vith eq 4.2. 2.1 glves‘

the lntens;ty of llght trausnltted by the polar;zé;-

I(B;n) = azcos B+ aya cos(é n)51n28 s a251n23 (4.2.2.5)
uheie'a is the relative "phase{apart from the reta;dqtioﬁ n)
 tetween the 'i ccopopent and the . x"ccmponent'bf -the‘fiéldﬁ

-Eguatzon 4. 2.2-5 can pc¥ be used to eXpress the Stokes! par—

ameters in tezms cf the osc;llator asplltndes and the Tela- .

| tive: phase. Hlth11 0, the f;rstithree parameters are ngen-

hy- ¥ . ’
1= 'ég + ag (u;z;z.s..:‘a):!
S dmzaz-ar 0 w2
) -is.‘;h2a2$£¢osa R C (822-2.6¢)

. Ihe insertion cf a guarter'uaie';plate isveguivalént to put- -
t1ng the :etardatlcn n te n/;, ana the c1rcu1az polarlzatlon
is then gzven ky: S : o , B s



—183-

| '-Isz = éazaxéina R / (_ii.z.z.ed)
“By measurlng the Stckef' péxameters, the oscillagorﬂaméli-
-tudes and their telatlve phase c¢an be deternlned. Once thisl
1s_done the ccnglegg ~angular distributico of‘the emitted -
x;&iéiidn can Le fcund. _Frecm electrédgnégics, the electric
field of a dipclefohgerved in “the directioh ﬁ'isNgiven by (in
. the'faaiatich zcﬁe):‘ |

Ci@® =i -a6b

Eow th_e': dii:c;.'le mcment is given bys
N Toaai e a el
and the unit vector b (it spherital ﬁdlar‘codzdinates) is:
L % = sins coso % +‘sine-sih¢‘}‘+ cosg z |

The intenﬁity is ﬁropo;tional,tollzjz, and is given by:

» ' 9 (u 2 2.7)
I(e ) = a sin 8 + a (l Sln26c052¢) -a axc05651n26c032¢

‘The intensity pattern in the 'x-z Flane is of particular
‘interest ih céiucidehhe_éxpeﬁimenfs, and fhis is given when
=0z, | | A . | |
| 1¢8) = c(a251n26 - azaxc05651n26 + azcosze)

- where c is an-app:opr;ate constants - Por 'hlstorlcal' rea-
sons, the angle 6 in the x-2z plane is- neacnred in the clock-
wise dlrecthnEhlnstead of tke counterclcckwlse dlrectlon,
and this -means that g is‘nqgatlve ~in the ‘above equation.

e e

Thus the intensity is given Ly:
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tIF?) = C(a§Sin29'+ azaxcosﬁsinZthréicosze)_ (4.2.2-8)

' This sign convertion. is row fitiiy threhcﬁed in the litéra—

ture, so to avoid any copfusion it will be maintained
throughout all subsequent discussicns. ’
Lnother’guahfity of interest in coincidence experiménté
is ‘the‘criéntatich ~of the taaiaticﬁ Vpattern in the x-z
'plane. 1his is specified by the asgle at which theﬁpihimumf
intensity is éhserved- . pifferentiating eg 4.2.2.8 with
resﬁéct to g and setting the.deritétive eéual to zero gives:
' 2ajajcosé . . -
tan28 = - . (4-2.2.9a)

2 . .2
aZ ax

Ccmparing eg. 4-2-2;9a'kithﬂegnatianj_u.Z;Z.sb and ¢, the

crientatica angle is given by:

>

Ctanz6l = -si/sz o (4.2.2.91)

'It.is-appafent-ﬁrol eguatiocn 9;2.2-8'thét-the Qscillator"
anplitudes and the magritude oi'_théir re1ative phaseTcaj Bé
detérmiged 'bj neasufing the éngnlaf .distribﬁtiqn_of' the
.radiatiOn‘in‘théixfz-pféné.- #his'is.eguivalent'tslneasurihg—

theﬂsfokééi"péféieiéfgri,:g;'éhﬁuég; fh‘éﬁ eiectfon—photbﬁd

coincidence experiment,  measuring the amgular distribution

"of the radiaticr is knc¥r as angular correlation and measur-.

ing the Stckes® pafélef;rs is kpoown as pgolarization correla— -
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. and not its siga.

the ﬁim¢=dverdqed umplitudes_and relative ghase must be used

4.2.3 Coingcidence Experiments with Atons

tion

|"3

Note 'that only the wsagnitude oif ‘the circular:

'polarizaﬁion can. be determirned from angular correlations,

'

1

It

Gi

3 - - . . : 1 . : ’
nould be emphasized that the above discussion assumed

that tiie . radiaticn was‘-ccmpletely monochrcmdtlc. oI the

.

radlatlon is qua51—monochrcmatlc oz made‘ ug of a large'num-

Eer ofr dlt 'reut zruquenCLes tnen a- tlme avfﬁgqlnq must be’

performed on thu OL:CrVed 1nt¢nc1ty. 'In such a s;tuatlon

-

n-tne expressions.for thé Stckes! Farameters. .
One further point which sho¥ld be toted’ is that the above
example is‘ctmpletely conerent, in the sense that the tota

polarization,; ¢ q1v en by:’
P = (s3+si+s3) V2 T (#22.2.10)

is wqual to-1. Iu general this is not the case, since. there

lay be 4 latge anpclarized centriputicn to the intensity.
. - —‘, ‘ . . _. 3 ) : * :
In this case the total puldrlzat;on will be less than 1.

This is eguivalent to saying that the rddlatlcn la'composed

-

of an lﬂbOhLEunt supecr031L¢cn cf pclaELZatlon states.

To illustrate the usefulness of electron—photon coinci-

‘dence experimehts-:ue nowwturn our attentlon to‘ ‘the atémic

LaSe. ':Si ce anqulac correlatlon exper;ments are equivalent

to” pclarlzation-correlations experiments, .the discussion

will ‘'be restricted to the laftér type ©f experiment. de
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sShall furtner”rést:iCEWthe Jiscussicn to the -density matrix -

formaliss aand outline the. sSteps Bpecessary to arrive  at

. K . . /',' . ! . ) LR
.exspressions for the Stokes! rarameters, A cemplete discus-

Sioh can Le found in Karl Elur's book Density datrix Theory

and Applications which gives an excellent presentation of’
tie Subjectbﬁ. _jAn-éxccllenx review a:tiCle‘ by Blum and

Klciapoppent?® also. discusses this raterial.’ -

Consider,rirst'the‘gﬁpgrimental Qqcmetry‘énounfsébeﬁd;i;'
cally:iu-?iq- 5.2- The.z akfé is defined>hy.the ingident
_eléctron‘néam‘ and is useé as.fhé'quangization. axis. The
scatteriasg riane is défined by tihe wmoncnta of the incidént
ané §cattered eléctxons,'p andlpF. ‘Hote that the_scat;eting:
piénﬁ iS‘.theﬁ‘to‘ te the x-z 1:_].an¢='.‘_"Lgh'cton;s"1 emitted by.'
‘atomﬁ_excitéd'by collisio;s,acé__observeq inhﬁhe y;direEtion
,a;ter passiﬁq through a-iihea:, polafiier ﬁhich is roiated_
about thé yﬁékis@ .-Iheiécatfered elecp:ons‘are.analyzéd‘fqr

both enecyy dud scattering ‘anglé, - deterfining the magnitude

Cand difcction 61 p'. - The meqsufedvcoinciéence rate bgtueen
:_tne'phétons‘and scatterqd-éléct;ous thﬁs'@émeslféomna suben—
JSQmpﬁe,of atoums' that have been' excited to the sane sﬁaté'by
 g1ec£rons~sca;€ére5'intc the direction p'. o -

.ﬁavinq deiinedithe experimeﬁﬁal qeoietryl we can now dis-
cu#s ihe‘excitdtion 'process in terms ¢f the.density matrix
forsalisa. & number of assumptions are made in this discus-
sion;'aﬁd these are: |

(N Thei,GXCitation‘“and decay processes can” he

‘treated indepeniently.  .This means that the
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excitéfion is 'instanfaneoug';.i;e-, it‘takes'
placg‘iu a time which is‘mucb shorter than the
lifetine of the exéiﬁéd state and anx‘spin—og—
.bit‘ptecessibh times. |
{2) The Hamiltcnian'describinq;the sc&tterinq pro-
cess contains no explicit épin depeﬁdept-f
f‘rtEEES. Thus a chapge'in‘ sﬁin can only occur
by‘cle&t:on e#chaﬂqe, uﬁichywe shall not coan-
sider. | ‘ . ' . _ -
*{3).L3‘coﬁpling is adeduate to descgite”the atomiﬁ
. states. | o | ' R ‘ o
‘(4) NO dhéervati;n of initial'and final spiqs of
*any par£icie is made.
- (5) ﬁoth thé _iﬁcident électrcn lream and the ini-
tial atomic ensewnble are unpolarized.
{(¢) The initi;l 'atomig erncenble has Lg=0 aﬁd-all
atons are iﬁ the ground state.’

The states of the systen are..descrited bysz

At’oﬂs’:. ].nn.LnSu[' i ‘ > = I DSDH );LQ=H =0
. : . ]LO S0 o SO | LO
‘Electzons: |.ppla2
ZICITED STATE: .
Atoums: tn,L,b,EJ 4, > = lals,ml >
1 e

where mp and m, rerer to the z ccmpenent of the orbital
“angular mcmentum of the incident and scattered electrons,

respectively.-
The density . matoix of the combined syStenm of atoms+electrons



and its matria <lements acte given bV:

-156- .
for the initial'éﬁatc is:
- 1 I [uSpM m><0LSp m|
Po T T@EADGLD mam om0 0 0.5 0. 07070755700
0 0 O L.~S.
. 0 "0
¥ith ihc.tésffiction_that Lo=0, Pg can be written as:
D=—-1—" 1oc5p > 5 p M_ m, | ' (-423 1A)
0  2{2s_+1) 00 00"0's. 0 s e
0 mM 0
0’s, :

. , 8 8 . .
o MMy MsoMs0

l oy} _ - . T

< sopb my 1P \0‘ 0%0%0"s "o” T 2@+ (#.223-2)

1

The SCdttcEinQ‘ process is characterized by the ggg;;g;;gg

e .

‘amplitudes f(nqL.5,.% M ‘mi;ﬁ;<=na$oﬁs mn;po) Wialch are the
A2k : . L . e

Ly 5 )

matrix e lementa o£ the ccrrespcndinq trans tlon operator T- -

The density matrix deaCLlL11] the excited btdte is qlven by-"~

P = 'ID({I* (’4 243 31) T

and its.patrix elements are yiven Lby:

< =
nlLl 191 L Ms 1|° |y lleL s ‘“1 ‘
171 1
#'Z £(n,L,S.M] M. mi:p nSMmp) (423*'3}3)
2(28 +1} lllL S, 171 005 0'~0 R, :
0 m M 171 : .
‘ o's, .\
v x £ (n LlslMLlMslml,pl < nOSOMSOmO.pO)

- .. v

Since.the spins Of the Scattered electrons and the excited

atows are not observed, the density matrix p,; must be summed

. . .‘ ’ ' V ) : ! - - l .
over the diagonal elements of the unobserved spin components

Mg ‘Qni ny.. The result is kncwn as the reduced depsity .
matr wnich describes the orbital states of the excited

-
"



© systeflid then given by:

T—-168- -
atoms. This is_qiven'by:

S v l- S o=
. nlLlslle'pllQllnlLlSlMLl'pl .

< TMF . ~ . . . “ : >
f(nlLlslng'Pl noSgls *Po) E (nlLlslMLl'Pl “osomso,?o?

‘

where <...> denotes the averaqing over unobserved sSpins.

For convenience of motation the dependence of the matrix

elefents OL Nyy Lys Sis Pi1s No, Sg and .pa will 'be suppressed.

since Lhese.are fixed. The reduced density ratrix of the

<Al pplly i, > = <E£(MY NI (M, )}> {4-2.3.4)
Ll. ‘ Ll N Ll Ll )

Note that the normalization of this density

that tae trace is egqual -to the differential cross-section

for exciting the sState pn;Ll,8:>. | For the -case where L;=1

the density matrix can be written out explicitly and is:

GIen > < enEF0 > <E e ¥ -
o () =l<smz¥en> i@z <) i¥-n>
' (1 ERen> G =1 %0 > <I£(=1) i2>

It ¢an be sSeen that the density matrix is Hermitian, -and

sSince the scattering amplitudes are complex, there’ are 6
. : - '

7

~independ=nt paraueters which are necessary to describe the

densiﬁ? natrix, namely-tﬁé haqnitudes and':g}ativeuphases of

the sgattering amplitudes.. Symmetry. considerations can be

used tdy reduce tne pumber of parameters needed. -3ecause -the:

sScattered electrons are detected the  symmetty of the'syétem

is reduced from axial to planar, and the system is invariant

under reflections in the 'scattering planec. This gives the

(4.2-3.3¢c) ¢ ©

gmatrix is such

e



coudition thats:. ST

Tcurygim> = (= e Men g gl-u>

wfor:ftixe density matrix and:- o — ~

. _ : il P o R

7 ) 50_51 L] e s
-L(Mﬁs ml,ws mg) = (=1) L{-M —ds —Tg, —HS -Dg)

. 1 0 . . ' B . 0 v

for the scatterang amplitudes. If .spin Censervation is also.

taken expl;c}tly.ﬁlnto'accohpt, ‘the numﬁefr of indepghéeﬁﬁ
pdréméférs‘neede&lggi_speéify the @ensitY mdt;ix i reduced
Ttb Q,* andiin pﬁejépééial ;dse'uhefe'én=s.=0;gfthé number is
¥reduceq!;ﬁ j.‘  15 this ;ase E(®) = (~NME(-1), énd tﬁece‘is 
fno'geed-té perﬁoﬁm a.spin'aﬁegaqinq.v :The.@ensiti natcix is
qiven oy:, o ' , | ‘ | | _ |
;ﬁ-_ip,;w =t - 14.2.3.5') |
The;par;m€$fiiﬁtion.&séd in tﬁé“lfteratutehforjthis case is
‘givewn Sj: | | |
o =I2{0) +:2£2(1)
A =E2{0) /g

cos X= Re{f{(})f ‘:”' ]/0

In general-it 1s possible tc excite stateslgf different

" total angular momentus, and the-density.matzfx.must be writ- .
. . ) . . / . - . . . ‘ Co .
ten(in'a (J4>-tasis).as:
p(J'J) = Tp {3'E10H) LI aS<IN] - L
. | R M'M - - N T B
wiere the {J'H'J#¥) are the density satrix elements.” . The,

| . @ensity matrix can_ te cxpressed in terms of its irreducible

components, ~or state pultipecles, by defining a nev sSet of

tensor operato:S‘T(J‘J)KQ: . T I



-=loz-

. . SR / ‘I__. [ . J' -J ki - - - S
@ = 2T M ey t? (M i Q)*IJ’M:XJMI (4.2.3.6)
. - . M'M . . . ‘ -

LA - . - . P -.' v J> -~‘ s Fad "‘ )
- Tue Jensity matrix is expressed in terns of these operators

as:
p = KT{INI) o >T (3t J) ‘ o
. JTIKQ ke=m Tk _ o

&
. -

" where <T1J'J)KQ>'are the state. multircies, qivgn.bf:

<i(J'J);Q>.= z~~(-1)J'fM'(2k+1)1/2

: : MM g : _
Lo o x Y JOK . 'z;".
- o o WM o-Qf . -~ T

The statce multipcles have tae property:

'<T(J'J)§ > %f(-1}K+Q<T(J'J); >

For the case wnefe the excited state has a well

<ITMT[p|aMs  (4.2.3.7) -

'@éfined-

angulazr. mementum J'=J=L,, - the state multipcles can be' writ—
ted as:

S oL o [fn B E o
Tir> = 5 0t taent/? o ) © . (842:3:8
| A e _ 1 M T

S wee e o )
B R

Thus it can be seen that for " L;=1, the. State multipoles

<r'(hhe>, <z (L, <cinbo>, <1 (M1,> ana <x iyl nast be
"determined-. Note that'bécauSé ci th§‘§ygﬁgy;y;p:qpe:g§gs-of

the state aultiroles,.

KTE@rIke> is 0 f?r odd _¥. _ Thus

<z (ha>=0..

The s;ategmultiﬁoieS;havé‘aumuch deeper physical signifi--

o ~
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£

. Cancé than the density.matrix elements. i'Fcr‘Kéo.\TKT{L)Lo>'

is proportlonal to the dlfferentlal CLoss- sectlon - and is:

T - <T(h)n{\b=.Q/(3L+1)Fh, o
Tt can be shown fof K=1 that:gh, SRR -
s <T(L) g c3/<2LcL+1)<2L+1>)) Yegap

&

where LQ‘are.the spheriCal coﬁ;onenta of ﬁhe-orbital an@ular
' momentum. - Thus the tensor? wzth n—1 is reldted to the net

WROULT oL drbital angular mcmentum transLerrea to the atom_

Y

fdur;nq thL CClllSLOE. <L(L)1Q> .are knowu as tne components

- -

a”

R . _
non-zero, and this is, reldted tc <T(L),,> by: s ' -

. . aT(L)11> v -io/Y2 (3/(2L(L+1><2L+1)>> <Ly>
o Fig 4.3 illustrates a sémicl@ssicalj'M6dei"of'qrazinq celli-

- siouns, used to illustrate tie -production of oriehtation in
* atcemic s<ccollisions, Zlectrons éan.hé'Lsca££ered'into the

-
.

direction of P, by the lcng (ranye attrdctlve force  due to

. . . . s —

4.3{b). .In the attractive: case the atcm acquires a net

negative, anqulér mopentum .and <Ly> < 0. * This " will be the

case fog scatturlnq 1nto bmall anqles.'a Tn *the-répulsive

case, thu atom acqalres a net pOSlthe dnqular momentum and

this c‘tect.

.. e e -

',

Lastly, the tedsors with K=2 can be sbown to be:

‘of the oriecntation vector. It-tu:ﬂS"out that onl] <Ly> is

'-tne dtomlc PGLdElZdLllLtY as in Flg.AQ 3(a), or by theNEQOrt_

Lange rmpuls;ve,torce_ oL-tne.axcmlc electrous, _ as..in Fig..

G <L1> > 0. ﬂSCatterlnq lnto 1aLge_anqleS—u¢&l be domlnatel hy” -
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'<T(L)1_'O> N <3i.2"— L2>cr//6‘

T . <T(L)2+1>"\: <LXLZ +.LL >0//2 _ ,
’ W Cl 2 . L '- . -.._
X : T

<T(L) 2t2> <L - Ly>0/2

“oand tnesc‘uré known as tne ccmponénts-of't *'allqnment ‘tén-
Sor. - It wzll be snown Ldter tkat tng orlen ation vector 15

regponSLble {01 tne productlcn " of -eircular polarization and

~

tadt.the a;lqument teusor is resppnsible for lingar polari- -

zation. - - . e x

" Time Dependerce of the State Nultipoles

~

Because of the influencé of ‘zlne and hyperrlne utructure

'and the finite llLetlme oL tne exc1teu state,‘the state mul—’

,o
Y

thOlPa(dUd of course, the uenslty matrix) 4are not constant’

but are tinme uepenGEut. \It can be shown that the state nmul-

tipoies evolye”accordinq-tq an équation‘of the formz ..

: U _ Lo T ' Qq

<TTe), > = T KT{303) ¢ >6 W J,J bE 1:)Kk
X 1 J'JKQ .

 woere the G(u'J ] qs t}Qq

are ¥ncown as : perturhdtion,coﬁffi--

cients which include—the effects "of Eine.- and ‘hyperiine.

- .structure dnJ the xlnlte llzetlme or the ‘excited .State. For -

:tnL Cdbe OL Ilne ;ctxucturg cnly thejperturhatlon_ coeffi—‘”

CLentb Can be shoen to Le_ . B

s

-

i

a

T -6 aKk KA
G(.T.“ )Kk 25,41 J),:J(ZJ @D | L, Sy (4.2.3.92)

Cx exp(i(E; < EJ.)t_/h = Ory FYpOt/2)
‘TheSQ.afe indepéudént_of~“Q and = can be - written simply as

- . . . . . . . -



-

EEPO C 0 G(Ryst) = exp (Y ) _‘ (&-2-§;9b)

=3 )
L R

‘iG(Ll;t)k.; lote that .the complex téfms'ip' this expression

o, - . .- . .- - .

implies thc_eXisténce‘bflduantum béats‘in.the observed"radi— S

-ation.;' dow if the t¢me resolutlon of the c01nc1dence elec—

- =

tronlca 15 very Larqe ccmparea to tne pezloac o; the quautum

seata,’tnw neatb canaot’ be observcd and thlS is equLValent

-/ Y ’

“to a tine lnteqratlon or equatlcn'u 2._-9a.. It tnls is done

it LuLns‘ omt that only states: u;tn J'=J can‘ contrlnute to

tae StdtP multlpoles the contrlbutLons chm stateb ulth*J"

dLLte:eut :rcm J are neql;qlnle.

-

‘Finally, - if,states‘_yith Zero spin are  considered, thae

‘purturbgtion coefficients reduce tc:

‘The Radiétive Decay Process o ‘ L e

.

To cohsider‘the radiative decay: proccbs Lb is convenient
to work 1iun tlc nulxcxty ta'=1c cf the emltted pkhotons. In

- this basis, the quantlzatlcn axis is taken to be the direc—
tion of propagation, " n. Since photons a:e nassless, they
N . - e iy . AT
. . . [ . .
Lave cnly twc cowmpcnents of spin anqular wmcmentum alomy n,

‘ ‘ . _ : ) R
namely +1 aud -1. A density rmatrix of the emitted.photons
. . " . [P .

‘cai be constfudte&'in}this.representa?ion; and is given by:
* : : A Pas Pa—z

-\{Atlpl A->..=

i : . : P_ay Py
R ) .\ll i :__

; ' IR o ) o : ¥ 0
The density  matrix is of course Hermitian, = so,p_l,=01_,.‘
The s;okgs"parameters can’ be expressed in terms of the den—

sity matrix elemehts, and are q;ven by: _” S

1 =-trp =Py P -

C-ee- IR

[

j



-I53l=:‘(pxtx + pons)

isy = ~i{Py=y = Poy;)
Is, = Pyy = Py
.’\-.'

e Byl'tzgnsforminq the . state multipcles frca the' collision -
{(x,¥,2) systez 1lnto the helicity system(using a rotation

-mattix)( the photon density matrix can be shewn to be:
o - J+Jffk
oy {f,8) = Clw) I <J [|?|[J ><J ||?||J> -1
L I A
- J! JJf o . , .
{(E - - 1 {4+2.3.10)
x exp(i(E;-E;,)t/h (YJ+WJ.)t/2)<T(J Q)KQ>‘ " .

- Cxp@f T T oK
o . L Qq AT g |3 35
\ ‘——-—-. ’ o 7 ’
For the 'case of 0 =p1n ,the ?tckcs‘ pardmctera are rfinally

c2r+1) M2

‘given. by: . _ . .

: . L. +L
S L LA s - .
- Q_gg!il |<Lfl Irl |L1>|2(—1) 17°f 2¢(-1) _1/2 <T(L1)_-00>
o : - 3(?Ll+1)_ '
- _ {? 12 -
o . - . (<T(L ) >51n e c052¢ . ' <7 . .
. B S T R | S (#.2.3.13a)

[y

- <T(L1)21> sin26 cosd

Ay Geos0 = DIV

. .af

. . . l 1 2 ' ' . . _..,.‘.d.
C(w 1 f . '
s I<L ll ll'L >l (1) { } -

N —‘x(#TQLi);2>(l+c6é%8')€552¢ + <T(Lllgl>sjn29 cas¢ o
S T ' ‘ ' (4-2.3.1Tb) "
‘ B vy ) 1/ ' e e e v ' : . S

x (3/2) <T(L ) 5.51n e y



T =166

-
» . .- B . ) . - ) o
: s R - L.HL
. C [ |- 2 17°f
sy == Sl 1F I Pen

- R . (4- 2.3. 11c)
1.1 2
Ll Ll L 2(<T(L1)22>c05851n2¢ + <T(Ll)21>51n6s1n¢)

-

L
. - ' f-
= 28 @ |17 1217 1)

o f1 1y O
S X <T(L,),,>sinfsing
. 1711 ]
4,1 L _ _

(#22.3.113)

whiere C{W) is yiven by:

. 2.4 . . o : S .
‘ : 4.2.3.11
Clwy = &wdh _ _ _ . (4-2-3-11e)

2ﬂc3h

and‘<L iLLIIL > is tne reduced matrix elehept(ﬂdmonds' norc-

mdll”dtlon) ‘ol thh dipcle ‘transitiCu "operator from the

excited state to tﬁg'fiﬁal,staxe(Lf).' As stated earlie:;

. eGuations 'u.2.3;11 ‘show  that the ozlcntatlcr VuCtOI is

. related to the Lchu;ar pclarlatlon and the a;;qnment tensor,‘

is related to tne llnear pclarlzatlon.

Bxcitation’ of the an States of He

Aé-d specific example .the._ exC1tatlan of the nlp state of__:'

we anu tnc subsequent ra latlve aecay “to 115 wlll be conbld—

e:eu- In‘tnlq case L,=1 and 19—0. "The state mulg;polesrcau

be bV&lUdtéd and are.

—

<T(1)uo> = (aa *. 2a?)/(3)



- ég—. *

<r Y =7 iImgagaty . o L
<r(ubo> =JI73 (ag - a2z
<T(1Jl,> = -J7 Re(agaty -

- a‘?

<L (1)1

A
Hanﬁ z(u) nas been denctea ky. an and :(1) by ay. Ublnq tne-
exnybaLOAa for tne state multlpcles in equatlcns 4. 2-3 11,
éleuatlnq tne‘s—‘ _eymncls,A ahd“u51nq the <fact the  tEé
ouservatlon dlrectlon is e = =30 degreeé, the Sfoﬁes' par;

daeter are QLVLH by: . ' o R AR

e . L 1s Cﬁu)](OlJrl|1>|2(dE+2a?)/J- ' _(u-2.3.12a;
T 53_—‘(a6_ 2a3) / (ag+2a3) _ (u.4.3 12b)

s, = -2V5‘Re£anaf)/(a6+2a?) {4.4.3 12¢)

_é':.," = 2./2 ln (dod;)/(da+2a§) (4-___3,12,3)

Itgbah .be shown taat equatlcns 4-2.3,12;dré eqqlval nt to
ﬁﬂe  Stdkes' paraﬁeter§ of. the ccmple# di;éle os;illa;or
qiven'in secg%oﬁ 4.5-2- This is done as follows. 'fhé.-
excited $t§£e is Conposed oi_a'coherené‘superpositioﬁfﬁf the
’mdqnchlc 5u4;tace;, And'gan'be‘hriffen as;’ - R R

|¢>\= a_,|1'-1> + a011 o> +,a,11 1> )
The excited btate uavefunctlcn can alsc be urrtten ia thé
Lorm(uy cHanqan to a Larte51an haSlS set)-
. N w>‘=a x> +_a ly> + a 1z>
,ihe cgrte sian ca¢1a vectocs can be transformed to the angu— .
ld4r mcmentum nasls DY uot).nq tnat <x1LM> = CLM(r) _=lnormal-_
.iZLJ bpnurlcal harmun;c.- It tu:ns out that a —ao,ay»O gpa‘¥' -
d.=-ax4§.' Thus Fhere is a ?ne-to—one corzespondencg—betueen
 th¢ séat£eriﬁq. qﬁ?litu&e$.anﬁ(the_dipcle,-cs%illdtorﬂampli—ﬁ

.
I

Ctudes.. . : LT
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He.n%P‘Excitation and the Born Approximation o

As a fipal examflé ;e'snéli considcr. the‘pfédictioné 6f
the Born approximation ' for the excitaticn of nlp states of
He.. This can'be,done'by uaking the follouipq agsimpticpé:-
{1) The He taréet States are properly‘anfiSYmme;

trized liuear. comﬁinations .of producps_ of
hyaroqenic_uafefunbticns. |
(2) Spin:dﬁd exghanqé effgctsrarq néglected.

(3) The incident électron interacts with the Cou=
“lonkt field of a rositive ion“cére-é theé other |
té:qet electrqﬁ. No; the inter%ggion wifh the
CCULE dues' nSt c&htfibutelﬂiq exdifgtiOn, 50

thgﬁ siaplifies the calculaticn.

- 5

The results of the‘EbIn'calculgtion.shou\ihat the scattering

'aqplitudes are given by::

Itkayi¥oky. T -

ap

a; = Itka)y¥, (ky fﬂ . f,': L

' : T s L . ’
where I{kKa) - is a radial .integrail -and k ~AS Ythe : momentun
‘ ) ‘ R, T ' o
. “transfer vector P;-Fa- In the sCattering--glane ¢£=O and so -
the scattering amplitudes areé:
i dp | cosek
ay, vsing, &2
. : N uuk
Tuus the Stokes' parameters are given by:
55 = 'ccsEGk ,

ks ~. [P . T e e e e

S, 4sih28k -

o S;=‘O:.
‘Recall that - the orientatiosn angle of the radiation pattern
in the scattering plane is given by:

- ' . . - o

T &



=171-

tanzelln = -S,/85 = tan2@y

Thus the nomentum transfer directiou 'also specifies the

orientation of the fadiati;n‘patteru. The mcmentum transfer

rection can be fcﬁnd from the electron _scatteriﬁq'anqle,
. the incideﬁt electrén énerqy, | ahd the.-scﬁttefed électron
engtgy(éée,ﬂppendix 4;6,2). - Fer a leed 1nc1dent enerqy and
saéttebed eﬁérqy, the Stokea' pdrdmeters can ne talculated

as a xunctlon o electron scatterlnq drqle and compared wltL

.
prerlmeut. In tht Born apprOXdetlon tne scatterlng ampll-

»

tudes, are real, -and thus the relative pbdse,between tﬁem is

0. Also, the circular pclarization® is predicted to ke 0,

dnd'the‘emitted photoﬁs,are ccmpletely pdlarized;.i.e.; the

maqnitude of tae pOldrlédthD vegtor is 1. ,'.A comparison

-

ultn dctudl ewperlmental data69 ch QWS that tne Born approxl—'

mation prgdlctb tne value of sy Leabonably wull Ior‘small
electron scatterlnq anqleb, but not S, or Spe - &lso there is

~

a notl“EdJle uxr*ergnce between the momentum trdnafer Jlrec-ﬁ

tign and. the orientation cf tfe radiaticn pattern.

-

4.2.4 Coincidence EXperiments with Molecules

Havinyg seen how the density matrix forralism works for

atcocmlc excitation, - iE‘can~now turn our attentlpn to molec~'

» A

bltuatlon is compllcated ty the fact that elect:onlc,'v1bra4

tional ani,mrotatlonal_excrtatlon~-must~be conszdereﬁ.~n I on e e

]

addition to this, there is a raxwellldn dlstrlbutlon 1n the

8.

pohuldbidn of dlﬁferent rotatlcnal states in tne molecular_

qLouna btate, wnlch lS alco affccted by nuuledr spln btatlS-

ulés. " The ba ic approagn is the: sdme, but in molecules the

¢



B
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tics.  Thus the excitation is - more ccamplicated than ih the

- ataomic’

. s1mply

case,

since several Tctational states can contribute

he same excited state. For the sake of brevity we shall

4

list the assumptions inveclved 1in the calculation and

give the expressions for the Stckes' parametars. Thg'reader

'is referred to the work of  Elum and Jakitowiczé? for coms
plete details of the calculaticn. Havihg done this we shall
.proceed " to werk out scme-simple examples and discuss sonze of

‘the difriculties associated with the experimental aspects of

i -

working with molecules.

.Assunptions Involved ' o . )

Several
which are

Tuese are:

-{1)

(3)

:dﬁlinq(sée“Appeudfx74.6-1y.‘ '

()

ratcd{Bora-oppen

The wolecule oleys Huand's ‘case (k) ~ cou-

’

_similar to-the -ones made for . atcmic excitation.. -

Ve

K . .
L a . A

The excitaticn process is. much quicker . than

. . . - N . . B . ) » .
-the radiative decay prccess and the character-—

[N

istic' vibraticnal and rotatiomnal. periods of
: d ,

the molecule. .This means that tie molecule is

. e ) : S
essentially frozen during the ccllision{the

noo -

-

Franck;Cphdbn principle}.

assuaptions are made in this calculation, most of

s

)

The electronic nmetien and the nuclear u@otion

I

can Le con51der§d separately, - and electronic,

) y -l‘n' ' . :
vibrational and |
\heimer approximaticn). .

- .. 1 - . R

Thé‘lnLtial-staiégof tbg‘hqleculér-éqsemble is

«

such that Ag, v, and 5g are‘fixed.:

~

rotational moticn can be sepa— _°

.
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- {5) The incident electron beam has fized momentum *
| . pn’and'is unpolafizad; o
(6) The.@oléculég_éhsémble is.élsc yﬁpciafi;ed;iﬁ_
(7} The Hamiltonian descritiny the'séattering @rb-
cess"cdntainé- no ”éxplicit‘ qpln—uependen
riérms;' Thﬂs; ‘-ah in. f;e atomlc icase, splﬁ
ch¢nqes-cq£\ bnly oceur by :electrdq exéhénqe,
whicﬂ is ﬁe&lected; : 1 g f -
(a)_ﬂo:observﬁtions of initial and final spins of
| \any;particles;ate nade- ‘*ﬁ;_ ' |
9) Conéervatibn o£.spin'anqpla: mOmentumuis taken

'éxpliciilj into qccptnt' in- thé Sc;ttérﬁhg
amplitudes. This- neans thét ‘there are ‘two
changel* Hltn =p1n S Sn+1/2 and Sn-1/2

‘BResults.
He now'iist tnt re:ults ontalned by. Blum and Januoowlcz
"“or the state multlpcles,, perturbatlon coe;;xc;ents and the

Stokes! parameterb-L f;ue ;tatE'mgltlpolesA <T(N{N,)Zq>‘are

-given by:

*

1

T(N N ) YT rEEEE T (ZS+1) (2K+l) W(N 3 /(2N +1Yy -
k" T TS 0 0
: OMN SMNMN ‘ o
L (248 i) -
‘ N1+K+Q-MN NN oK o*
x (-1)"

'MN M'N Q- 1“:« NOMN NIMN NOMN

wiere ' a(\a) lS the rotatlcual populdtlon d;strlbutlon in the

Jround state, dnd is

F O u(Na) .‘,=_(2‘N,.,+,'1)exp(—Ethn[NuH)/kT) C{4.206.2)



'3 is the rotational constant of the.molecular qround state.- B

Ctional levels coﬁerentiy, nence the appearance of Nl‘ahd N§

. in thé& state multipoles.

tructu'e Lnteractxcn ang. the ll;etlme of‘;he excited state

- 1T

k is Boltzmann's constaitt.

e

T is .che tempefature of the enseshle.

' ﬁote that ¥ {Ng) also must include tkLe ezhect of nuclear spln

]

,;fstatl thS. The_zN ﬁ' N oty 's.in' quatlon-u-Q.Jfﬂ are the*

"scatterinql amblitudes %he ‘channel ‘witk toial 'spin

S(ho:mbq by boupllng tne molecular spxn kltn the spln ox the

lucfdcntnulectron) for the pECCESb'

R ]aulvolIN()) —> ¢4 Ny HN1> :~ ‘
Note also that it is possihle to excite a number of rota-

o

-

Thp‘ EtULbathD CoeLIlClentb : (t)Qq due to the fine - .,

are Jiven bpy:

-
: i " 5 & - o V D . 7'\ . € :
o emy® = KU p o) (204 exp (A(E ~E. ) £/h = (Y Hy. ) e/2)
. ke~ s 5 exp(L(E;~E; )
) .. B ' v 2 . - o )
, N3 os)T o (B2.8.3)
”. . x . . ' . ! ) ’ ‘ ‘ .
J Nl c? o Y o o L

Once again, .notice the appearance of guantum beat terms in

" this expression.. As in the atcrmic case,-if‘theutime resolu— -

’

- . L ,__... . e

”gion ot tua electronlcs lS laxqe cmmpared to 'the qUantum -

beat: pEILOdS 'the. beatlnq cannot ne enserveu,- and 'a tipme .

. - . .
lhteqratlon Must‘be carrled cut . This ,means that - only

states Jlth N{-ﬂ, contrlaute Ain equatxon 4. 2 4.3. ° Purther—

more, lz.only 51nq1et.states are-c0951dered, tne*perfurhAA



- o —_ .. ; - V T “ .‘ ) -
T . =175=, . ' . .
.tic.iu.CoefficiehtS‘- reduce to:., - o
Gtt) =1 ) : - (4.2.4. IL")T"
Ky NGN, . .
7 1 L
e - '
Finally, tke Stokes! parameters are given"'l':y-:-'—————_—&—- .
: — T2(- 1)
I =clw)|<ag|r, - a5 1T W W(N N7 _
- S f "Al Af ' Nle £. 1 17 3(2N +1)1/2 -
: Sl 12y
. . .
"x G(t) <T(N1Nl)00 - [NZN chleNl)G(t)Z . . .. } L
. 1"17¢ . 171 f :
PEURNEIE S S IR .
x. (KT(N Nl‘) 2>s:.n GcosZ¢ - <T(N N ) >s:.necos¢v )
1 2277 ; = 2] e (3_2,1.;_5‘5.)
- <T(N N1)20>(3cos g - l)//6)]
Is, = -20(w)[<cxf]rA A ch >| » -'Z W(Nf 1 l)G(t)
. NiN,N
171 f
11 2 - T »
x{N 'N' } (<T(N1N1)22>coses:.n2¢ ) '.. -
; 17T Ned o S |
; ] > : .
+ _‘r(Nll‘,‘r) 21?51"@31@). .
v ' '
-




: . . . . —
. . ".- o » 2 : " '»
Is, = -2iC(w) l.<a£+rA =\ Ia1>| | 'z W(N P ON
‘ 1f N.N : . o
. _ S NiFRe .
s e R - (8.2.4.50)
el L1 1y : S ‘ ' '
SR T T S o S .
Is, -..c(@)-|<a£_|rﬂ A ]rx1>[ 'z W(NfN1N1)'G(t)2_ o
- 17 NIN,N : : -
‘ 1 1t ..
A: 2 -‘
e (4a2.4.58) .
(<T(£_~11N1)L- >(1+cos 8)c052¢ L e :
N e
N + éT(L\i'.N ) >;in2.-8lcos‘t.1) + '(3/2.)1/‘2.<'I‘f(N ) >sin e) '
SV SN gy Tsinsveosy T TN 90 ]
- uileré*».u(ﬂfﬁ,:c]) is given ky: |
o N e
. W(N NN ) = ( 1) 7 (2N L) (28 +1) (2N7+1))
N S R - R
. . (M N1 ST e '
Cx R
My “hg Bgth

) tlonal tran51t10n."“The“wJ refer “to all other quantum num4fm o

A&qu(w)' is the sameras. for the atcmi¢ case, except that G

<a i

i

.

is now.-the'meah‘ frequency of the emitted: radiafion, and

A 'A bor> is'thg'-matrix‘element déséribinq a‘lfihta-_

- .bers necessary “to descrlne the . mclecular states. . If the"

rotatioral “Strupture of a qxven v;bratlona; gand-is - not

resolved in the experiment, . @ new set oi,state multifpoles

¥ ¥



uhe‘re Aa=2¢ (w) |<uf1rA A lot >z - .

.
[
M
'
o
of
.
!- *
.
-~
B
v
.
~

“’7Bééh“takén‘ﬁihfb‘dsé nt and the assumptlcn tbat the llfe—;*-  :

' -.ma I_ti;b_lies is:

times are lnaependent of Hy has been*made. Equatlon . 2.@ 8}33’

'utudes”;s_lost waen thesrctaticral structure is unresolvéd;"

Vi : ' - 4 -
L > . »
) _ : +
- -177-
- -{. . . --— - ) . " i .I._-. - . - s
<T(th‘>.can be defined by the fcrmal summation:.

) . llKQ

‘ NlNle L "’Fl_Ni N

e e T T
ST N . Y ; :

- «

direction y): S .- ; B ‘
' . . ’ - Te .V . . . - f1 “’ ' T ‘

s . 1= A[<—2<T&D>AB + <The> 4 <1 >4E) (4.2.4.7a)
. . . . -, " . '.t_ - - .

T . . '_ R (T BT

1
i#

- 2A<T
SRS = 51 eentt e L -
L _Is? - . 21;\(1‘31) ¥

- s Lo . : . " - . KRR :

Isy = a[-<i) ,> +J3/2-<T 0>]

(4.2. 4. 7d)

[ T ~

-«.In the Cdac .nure 50—91 1@,_ “the :ormal §ummatlon Ba 2.4,

- . - - . B

Cdn be carrlca out over w

-

. . . Ta

: . . ) , . .."'

s e 1f2
. ® (2K+1) " “. . ‘
R 1§ g BT T e, .
T .()KQ‘ Yo : T Y

‘.. . . . - '—MN . .l Nl 3 .Nl--.:_N -: . ‘ . ..\
SR 5 (= 1) ten | b Yol Yw.2ous8)

A 1MNMNM' RN LN

1 . CoL

. ey x £ o T -
IR R Nlmnlom NlMN NOMNO o

Note. that the fdini tes-resoluticn ‘time of the electronlcs nas

N

e” .

35uows thdt ;nzormdtan abpdt 1nd1v1aual scatterlng amplx—

s . .
. Lo - . . . .
e ) : ' - ' N . ' " ' -
. 4 ) . . - . . R . . 3
. . .
. L L. -
B H ' B
- s . B
o

_ - L1l X e -
f<?(tiiQ> = z WN NlNl)G(t) { oo <T(N'N )+ T [Ha2.4.6)

The StokeS'“parametérs ar€ then given by(io:-fhe observation .

=5(4.2.u,#cy-

\o

‘fand“the result :or the stat;;-

-Q+ﬂf 1. lfzi' K"' o ,-F—;ffx/r

PR
LR =4
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-Also, by not *esclv1nq the quantunm neats,_‘xnformgtlon atout

- .

_the coherence between states of different N, is lost.

Some Examples el 5454,

- . - -

of

. " Let us consider the situation where a single rotational

- ) . N I r

A . . i . 7 B “‘ - ] :
line 13 :esoige?,._‘say the.strgngest cne 1a the band. In.

'pract;;e this yill cnly Le poésible for the lightest mblqp-

ules, so tue cédse of H, xlE; —=>C1]] excitaticn.will be con-
. u . ’

~

sidered.  For tiis syster the -¢7{(1) tine is expected to be
the strongest, and this cciles frcecn NuiNszf={ only. The

. -

. X . *
assumption‘tERt.excitation and decdy proceeds via a ditpole

- - -

. . . ;. . '
rowte only nas “Lkeen pade. ' Usinyg gquaticn. 4.2.4.2 for the

hd -

state.multipcles, with q=hy=1, N0=Nf£1;, hoé'A:O‘and-A,=1,

<T(1)in> is given. by: _
. - . - . Q

LICEEPE 2

EvEL £ 1M )|

. 3 My My Moo L
T o1 " "

The scattering anplitudes £ (1M, 1M are ' denoted by
i ' 1 o]

T
ST(1y E” =

a4, ¥
N

implies that a(—H

+M .
Ra TP alfy &

-

) -
1 1 Vg

tion over MN can te performed first, giving _.,a 'hew sect of
0 . . .
d&plLtud8g <a(M ) >« Then <T(1)Zn> is:z

N

<"(1}Tnn —(ﬁ(-1)/3f)t<a2(0)> + 4<a2m>)
The other btate multlpolos are glven bys: | .
<1(1),,> —U2 1H(1)/3)Im[<a(0)a (1)>] o
<T(1)3n> ;(°W(1}/3J—){<a2(1)> - <a2 (0)>) |
<¢(1)E1>--(-J" W (1) /3)Rel <a (Ba (1>
T ambes = 5 (1) /3)<az (1)>

The Stokes! pérameters are themn qif%n ny:

Y}, and. reLlj?tlon invariance in the ccatturlng plane

The sumaa-—-



§
where A =

and:

.

;7-‘2 o ~17G- ; I -'f L ®

W(l)(<a (0)> + 2<a (1f>)

-A;jf—vézm(<auna W) ST T |

= a Eiil%z Im(<a(0)a*(l)>j'

% A W{l) (<a (0)> = 2<a (l)>) ' . | s

ol o> |
Af 1l .

‘e
[}

s, = =22 ae[<a(0)a*(1)>1/i<az(0)>f2<a2;1)>).
s; = 22 Im[<a(0) *{1))]/(<a2(07>+2<a2fq)>)

53--*(<d2(b)>-4<d2(1)>)/(<d2(03>+2<a2(1)>) o S

"Thus the Stokest parameters.for the resclved (1) line are

-

somewhat similar to the  nl!P case in HYe, except tnat the

‘maguetic sublevels. \.

S¢cattering applitudes have been suamed over the ground state

) . : : . .

1

In practice  it.is. very difficult to resclve the rota-

- tional

structure-in a coincidence experiment Lecause of the

- corresponding loss of intensity iu the phcton channel.

Arctoer appreach would Le to prepare. the initiai moleculac

y .

»

ensenble in  such a  way that cnly -one rotaticnal level is

N . L. ‘ .. . N
pépulated. This can e done Ly using a supersonic nozzle

arrangement. During the expansion the vibrational and rota-—

Nf=0 alid

tional states are frozen ocut, and only the Nop=0 state is., . .
*populated. In this case the crly allowed dipole excitation
Jroute”iS'ﬁO'N,=1, and the orly allewecd decay routes are to - - R

2, ‘cérrespondinq to the R(0) and P{2)"branches. S

. The statérmultipcles can e evaluated easily, and are given

by:

——



.

. TN e mrs0 T Y.
oo o b =@ Yas + 2an) -
T e ST aa> =(1J2 5 (00In(asa;
. e - . i Y LA . ‘ -
“!k. et T (Mee> =23 ") (et - ad) -
.o <T(1),.> = -I" "(OJPe[aaal) ) o ' ..

<T(1);,> T % (0)a} |

where the- scattering amplltudes fjiTOO) and £(10C0) have

‘been denoted by a, auad an,,respectively; The Stokes’ paraa-

eters can e evdiuated. Ly suzming equaticns -4.2.4.2 over

Nf=0 and 2, and are:

' 16/5 +3 ,2. .2
TR (Bt 2y

e et _p 2012/5 +9). (_m_jh__‘_uu¥_. "

- 1 1875 _

152 =A§£Im(aa)
12/5 + 0 2 2. '
Isy = & T (a5 - 2a))
' - W(o) 2 | )
= < . > I "
whgre‘A C(w? T I 0tf|rl|0LI | . . . ,
Taus Sy, S, and Sy are given by:
. . 12/5 4 9 =2¥2 Re(aoa) . .
"T1 16/5 + 3 2 2 S
alo + 2a l . ,
' 2/2 * )
.. w1545 Im{aja,)
. : 2 16V5 + 3 a2 4 232
‘ 0 1
a2 5,2 )
o ol25%9 %7 -
‘ 3 165+ 3 2 2 .
. 0 + 2al ‘

R
.

It can be seen that these parameters are the sane 'as t he

- - N ve ’ - "o
ones obieined for the tie nlP casge, apa?!\ircm tne numerical

-
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factors. ‘ e, - - )

.

It should. be . pointed out that the ‘scattering amplitudes

f{N,ﬂN ;p,'<f NOHN :5;) depéhd on the orienta;ton oL t@e
molecuiar axis,with? respect tc pg.’ The initial mqleculﬁr
en#emhle contains all possible orientations, so the scatter-
ing amplitudes used »in‘thp‘a;pve exgressions mﬁst-be ipte—

TN

yrated over all orieutations .of ‘the mclecules. - It is

expected that this will cause an.ovefALl redﬁction: of-the
~polarizatioun, and. it may alsc result in ‘a chan;e;_iﬁ the
relative phases ‘of the gcattgrinq amplitudgs. ;f is diffi_
cdlg t&_‘ascéft;i; g€ exact nature of ghg effeCtvwitHout
‘knowing the explicit anquiar ‘dhpemdence cIt t&e scattering

anplitudes.

'hresnold and Pseudo-Thresholid Peciarizatich.

Consider the .situation where the scattered electron is

not deatacted, This requires that the state nultipoles must

be iateqrated oveér all electron scattering. angles. *®hen
this is done, only multipoles with Q=0 Cdn,contributc,_,dﬁd

tihc new state aultipcles dIG.queﬂ by: .~
. N

. : N, N
o . Ny e B -
CETNy) 0% = DTH) (1) ‘1(21<+1),

CNMC S

'." 1

1

waere Q{Ngh,) is the total cross-secticn f[or exciting the
B MNl. . L : ~ ‘
.state | QN,bh >, and 1s given ky: ) _ ]

. -

u . QN _N_) (-‘4.2‘.5‘«.1')‘
%lMNl.O 071w, ML=l



ST K 1. R R
L Q(N.N) = . EJI.f BRI b v {i. 2.5.2)
o 01 MN_ 2;280+1)(2N0+1)A oM 4 NlMN.NOMN e .o -
. 1 R B o I : :
S, ' ' ' _"- 0 T ‘ -.'.! . . -
. ' . . . . - 9
- -

In addition to dintegraticn.over -the -scattered electron

-+

directions, not obs<rvying' the scattered elecctrons means_thgi

tue time at  waich pllotcns are cbserved is not uniquely
: : ' . : ' - g _
defined witlk respect to the time at which excitation/took
X ke - . ) . i / -
place, and au integratipn over .all observaticn times dust Ee
performed.  Elum and Jakubowicz give cxipressiouns rfor the
totul unpolarized_ Iatensily I and tue _ihténsity of light
»iti polarization vecter parallel to the z-axis, I, as:
N N ' -
(-1) W(NNON, ) 7 o _ L
I - LW(N_ QN N_) {4.2.5.3R)
. NN 2N1+l - NM 0 01 MN
1f 0N, * . v 1 :
< . . 1 .
, . 1.1 nfl 1 x ’
Iy v I (ZK+HL)W(N_N. N 3 o -
1 N N_K # l_} 0 o .o[N N N
. : . 5 (4. 2. 5.3D)
T S S B - ‘ '
2} .- N_=M N,
J+ ‘ N 1 1 ‘
S X Z%ﬁ J N, X L wWNg) (-1) T QNgN,)
M B ] 1 NoMy My Mo O -MNl
S . S R ] R
For singlet transiti#ns I, reduces to:-



L
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o 11 11 K
I, v I (2K+1)W(N N .

Sr L NN T oo NlNlN

“{4.2.5.3¢)

" ,
Tx I w(n ) (-1) T | | ey,
No¥y S WMy My 0 Ny
1 e T

aud the sum over K can-be perferwed explicitly,sgiving:

- B L 2

N-l-i-N% ) Nl 1 Nf o ;
I, v L (=1) © W(N )W(NleNl)E LY Qm Ny © {k.2.5.4).
NNN_. -M_ 0 M Mo -
Looere o "y MM '}‘
. Y S -
Tue polarization P is defined by:
. .35, - 1 : , ,
- : = — ‘ - L (4-2.5.5)
: I, * 1 S : .

*
.
-

Using the expressions fod I and I“, the. pclarlzatlon is:

NN , B
(-1 + W)W (N NN F 2z - 1/(2n +1))Q(N_N.)
 NNw £ 1 1y 1 0 1M
b OLE ‘ N _ ‘ 1 |
N . B - (B.2-3-6)
I (1) 7. " W IW(N N'N ) Z(A + 1/(2N +l))Q(N
N.N.N 0 £ 0 lMN N, 1 N_-
N R . 1 1 £
. I . A= -
M_ 0 -M
o VRN
If{ thu scattering am;litudes LN Holig ) are written. as:
’ : ol o - ) .
LNy Mol ) =I ¢ <Oy Ny Mo 1K, _|Cglgh > :
_ Ny TNy gg ®9 T TN kT RN

where Hkq represants an angilar momentux change of -lkgd>,

ther the total c¢ross section can be written as: .
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= >< >% ‘
QNN = (2N +1) (2N +1) Z. ckq kg [<o. ka]a ) iRk ch dg :
Nl- kk
'k WA, k' N N, N.o. kK\fN. N x'\ v
x| o ° ! -0 0 . li \ 0 ‘1. : {4.2.5.7)
Mg —q a-My My ~9 a=My AO éAl_Ai-A o —Al Al-A
1 1 1 s .
In -patticular if the gxéitaticn ‘is rest:icte&fto dipole
routes aioﬁe,:the§ k=kﬁﬁ1 and-ihe result ‘is: -
Q(N N.) = (2N +1)2(2ﬁ +iyf|<d 1R-|a >I2an
OlMN. haa B VIO AR e R e .
e T IR fw 1 ow\2 (4.2.5.8]
o 1 "1, o\ R -
e .12 L TR
x T lclq'l S ‘ I
g 1'\0. _,Al'Al-‘AO MNl—q g—MNl - : L

liow congervation of totdl angular

tent requires thats: .

.mementur and its z coampo-

pet A .‘”. ' S
‘ Ng + ln = _Nl + l_l. (14.2. S. 9{1)
, r""} .
and B )
Mg *+.Bo = By o+ my. (4.2.5.9D)
“here k L,-ld, “and g= 1~Ra- . The incident “glectron beam’

‘Gerlqeo'tne z—axis,

.Cdnsider what P&p%

50 mo is aluaya‘or.
pens at’ the cxtatlcn‘ threshcld. ;ne scattersd electro1=
leave tuP QClllblOF with p,~0  dnd_¢arry auay no anqular
: 7. . . - L .
momentum. Ihus‘ my=0 and we. Lave the" threshold stlection
rule: . :
S ey ©(#.245.10)
° X N =. R . 0.4.4'.‘;-»“
- . e . Ny ,mNO_‘ ’ | i
The threshold polarization is then yiven Ly:
v / ™~



L e
‘ N e - 2
(-1 W(N )W(N’NiNl)Z(SA - l/(2Nl+l))Q(N0N1)
N N.N ' SO
01t ‘. MNO.‘ o A o B
P o= - T R o e
th . N1+Nf s o ' ’
T (=1} W(N )W(NfN N. )Z(A + 1/(2N +l))Q(N
. ) . 1 1
CNGN.N. My _ ,
.o = e (3.2.5.1n
"1,'-J'-3 N, LoNg o R ;-'  :  SR
where A = MN 0 _MN ‘D o , : AR
A o o

“Wotice that the ;hre nol¢ poldtlzatlon lb nok 1ndependent of

o the dynamics of the scutterlnq process ¢c uoulu ber the’ case

Tfon" dtoms. 'fnowévé:, us iny equatlon 4.4.5,8 with n"=ﬁ e
o ‘ A U , - e N N
e S ST 1 o

'gth ls_q;ven ty: V ; ‘ : . .
_ NI+Nf' S,
L7 (-1) W(N )W(NfN1N1)V(N . )Z(3A - l/(2N1+L))B
MMMy o . Mch L
Ftn = NN -,
Z( -1) WN W _N, N JVIN N JZ(A" + 1/(2N_+1))B o
- 0 £11 01 . 1 5 &
. . M ‘ ‘ (4225212
NoR 1 £ - o L ‘ N - ‘ S
_ S o
R ,affo Moty o * My R
S V(N N.) = (2N_+1)~ (2N _+1 B.= A given in 4.2.5.11 -
ol R V. V.U N I PV - S
' o ‘171 N. .. N '
. . O -
" IR . Ng, ¥y and N_ are fixcd, equatioh"u.z.S.Ti iss
N 1w )\2 o]
. 1 " vl
I ! - Q(N_N_)
2N +1 01’ M.
Ml MN0 0 -M o l-, o Ny : ,
P, = —1 - - S © {4:2.5.13a)
th . 2 o .
‘ N, 1N ‘151 -
-k A o] - 2WMoNily
M Moo O M B i 0
0 0 -0 , -
dl.xd: .eq.:iat.iox-lb IMI.J_Z.S. 121.5: )
7 Lo .
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o R
L o, |

. ; N LN L m

: 2N_+17
M. | \m. o -m_ 1" 0 -M
S NO _ _NO MN0 . - . MN CE 7 7 o
S L N WS S B & R 0 IR ;
SRR § ' BT - B R .
Mo M, 0 =M ST L0 M
'MNo i No MN0 . ] M-r.‘o -,-nNo

Zyuatior 4.2.5.13b is idedtical to the res ults obtalnei if

- -

excitacaon with llnearly Lolarlzed llgnt is’ consxde;ed
) ’ . r

¥

— COnSider-ﬁor”'the moment thé‘iqeneral‘expresSion rfor'théV

tnreaholu polarlzdt Lon forjfixed .rotatlbnal quntum numberg‘

1'qlven-uy equatlon u 4.-.13a. .- The prellcteu polarlzatlon

Lannot be evaluat : unless tne LIOSS-SeCtlch are .KnowWn or

-
-

‘some‘qdditional‘selectlon'rules can - be anGkéd to.eliminate

- -

_ the uupeuuence or the cross- ecticn“ This probnlen has been

_dlSLdbqu ' xtenbxvcly 1nl thi llteraturg7°-73 s¢ only a -

> -

-

Al

‘urler‘summary will bLe given Lere. L, )

‘The gyproach of‘Jette and -Cahill’

L .
lgctgggéc orbhi-

-These authd:s?6‘made the assumption. that

tal anqular momentusm was ccnserved duriug the collision.
Thus,.ln pdEthUldr Lor the Z ccmpcnent:

AnM L >'= L
vo Yo Nol z|VvoNoM Ny V1A1N1MN ]Lz|le1N1MNl>

. o .
The matrix element can be evaluateq‘and is:

‘ 2. 2
R R

NO-(N0 + 1) Nl(Nl + l).

For a I to I transition, -- Ag=C and A,=1, implyiny that only -
. . s s » . . .
‘ the 1y =0 sﬁbstdtg'ui;l pe TFcpulated. Then cnly the HN =0

. -



'term COBtElbUtEb ln equatlon Lz : 13a and tue uependence on

'ﬁthe ”russ—bcctlon van;sncs.‘- It bhOUld .be p01nted'out-tnat

- conservat;on of L does Lot' agree w1tn “the tnreahold selec-

-

“tion condition. The rred1c+ea ‘tnreSnold.‘po;drlzations

' obtéigé¢:i¢'.;nis uaf‘ao..n¢t'agzeg with the ;;pefiméntglly
dété:mingﬁvalues73;.ah&kthiszaﬁproéch has teén disg:edited;
The Approach of‘Béltayaﬁtand Nédeleq;
lThesérautho;s73{fG u$ed‘Lhe ﬁnited ét§m $ppro#imation an@
a’ pqrtidl'ﬁdvé‘ analysis. to - determine tue 'étbssfsectiohs‘
Q{N;NO)M .; ‘ln  this aﬂproximation “ﬁhe}eieétropiC' orbital
o N - | a 3 o
'aqulur momentum, 1, is a good quantum nuwper, and.results

L . . -

in the' additidnal ‘coupling Tule:

10.,+- Ln = ll . ) .
where L, refers to the Lo-th partial wave. Witk 1o=0, only
the partiel wave Ln%l, cocntributes to the €xcitation. .The

restlting exgression for the thresheld pcilarization is iden-

tical to eyuation %.2.5.13k, apd this was found to give rea-

sonably good agyreelent with eXpFeriment. ’ o

The Apbroaéh'pf ﬁalcolm, Dassen‘and-ucConkey

Thesé dqthors75 épplied the symmetcy rules of Dunh79 to~
the exéitaticu p:§céss to Eetermlne the. tireshold polar;za-
tion. - Dasically, Durn's symgetry IUIPb reldte the tranbl;
'tlonlﬁfosdbility-‘to tne nr;entatmon‘ot the-mclecule‘ with

rgsbebt to the incident eléétrén‘beamr"ch a Z; tb-Z;Jtrdn~~

sitiorn, the traosition probakility is a’maximum when the

molecular axis is parallel to the incident ‘beam, and zero -
viien the axis is perpendicular to it. - For a E;'to i tran-—
: . u
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-
B ey .

zero Wwhen  the axis is parallel to the incident beam and a

Siti?n,'the:reve:se is true. ° The traensition probability is -

C P oL . , . y L
maximus when the axis is rpetpendicular to it. Thus, Tor E;

to Z; transitions, states wits B, =0 should then be prefer-
o - ' ’ : I . y
" entially populated, aud for £; te Hu transitions, - states

with # =sdq should be preierentially populated. These
1 _ . . . .
~predictioas gave ‘results which agreed with experiment anch

setter than the predictions o;-Jétte and Cahill, but it must

: be -ewpihasired that the selecticn’ rules are not., strictly

obeyed because of the distritution of orientations of thd-

aolecular axes. Fer thc-Z; to Hu cdse, the 'cross-sections
. . . . N . .
would have a sihZG'Gépendemce, and thus only ¥ =0 would be
. : - - O .
excluded from the expression 4.2.5.12a. Elum?? has devel-

oped these ideds in a riyorous,fasuion and.__ has obtainedvam -

- v

expression for the scatteriug amplitudes which depend on the

orientation oi . the mclecular axis. This is given by:

N
B N
A=A L . S {B.2.5.19)
x (i(-l) YAl_A(n)PL (cose)<lelHl|T[VOA8HOL0A1—AO?)
O l . 0 O . . . n O‘ .
. - ’ x.D(n)AM' t
O R,

A) = (am 372 ((2N0+1)(2N1+1j)l/2 " (A)

W N . , o C . - ..
vhere D(ﬁ)AM 15 & rotation Ematrix, I 1s tae orientation
- N : , _

of the molugulAr axis.uith.iespéct to i,"and Lo refers to
the Ln;th'partial wave. " Blum shows that for Z; torza‘ttan—
;sitipns_§;atés witﬁ valuesjof,nNiﬁO érevpréfereﬁtigl;} pppu—_
;atedf-“For Z;ntdxﬂu transiticns, it can be shown‘that‘the

amplitudes vanish if the axis is parallel to 2z, - and that

tlhey will vanish ifethe #xis is perpendicular to z unless

’



r

M, =tlp: , It .can also be shown that the ampiitudes vanish if -

The éross—sectious (N Nn% can bhe determined by inte-

. Y . '. I“ -
grating the scatterlng amp11tudg over a¥l orientations of

‘the axis, SQUdrqu the raault ~and inteyrating over all

¢lectron scatterlnq anqle: If this is done, the cross-sec-

tlons 4re given ny:

MmN, .
. P A T AN AT _
] L
N V= 8 . d4%.2.5.15
Q(‘ONl)MN‘. amw (2Np*D) ERTAT N B PR H{3-2-3213)
0 SV e o/ Wy 'MNO

whurc'a = <V,A,H,fT|thonnLnA,rﬂo> and ue,have_gssuméd_that

OLly one partial vave contributes to the exéitation; This
. . . ‘ . . - ' '

result applles only dt'the ekcitation thresheld. The'thres4

hold polarization car Le deterrined, and is 'given by:

. N1+N ‘ -~ .
B C T wepwarnm)a? © e - 1 enayed 4
N S £11 1 ‘
: - N _N.N M
B 0 1t - NO &
th  — - - ~
: N1+Nf ’
L(-1) W(N )W(NleNl)A z (B + 1/(2N +1))c (4.2.5.18)
NolyNe | : My o
! NI, N | N1 N LSRN N
A B = o C =
A A=A A . 0 -M_'f M_ -0 =M
100 - - .
1 . MNO L N,

Note thet- equation u-2.5.16 is very bxm11ar to equation -

‘4;2;5.8 When Ln=1.‘ Table u-1 lLStb tne predlcted turesnold

"po;arizationé'féb the P, ¢ and R crancnes cf the Hay XIE; to

Ciﬂa Kerner Laﬁub, and tne F and & branches Of the V, xlz
’ -
to C'l? bands. | Thc clrst cclumn qlVES the pEEdlCtLd values

of equdtion u.233.12, and the second colunmn gives the pred-



A Table 4.1
g Pzedlcted Threshold Pclarlzatlons in H»5 . ana N,

-

. —a

L -a

-
LN »
Fod

/.

-—--—-—————_—.——_——_--——.—_......—.-_..._.._-._----_._.-.._..--.-—-———-—_——___._——.._-.—-.....-..-n-

Dzealctea Pclarlvatlcn.

deL‘Ogt—.‘n CITT-—X1p+
Hotational Liu

FLcm g 4..2.5.12"

(5
R <
(1)

CR(2)

CE(3)
E(4)

~

Nitrogen CQIf*—X12+,

kotatioralLined

Predicted ?Qlarlzdtlon
From eq 4.2.5.12

- 0.105
0.135
0.141

0;1u2:7

0.143
0-.333

S C.4u7T
G474

0.484
.40
€.800
0.426
c.313
0.26

0. 2?9

0.
0.

-0
O
5
0.
0.

0
0.
Coo.
0
0.
0.

0 .

133
139

V. 142
<143
143

333
w47
474
-484
4990
951
«1437

519
2638

.239

From eqg Y. 225216 .

From eq u 2. 5 16

_——_“‘_—- e . .

[

-

A L iy e A o T — o — " — o — i ———— —.—-.—-.-—-———-——--—-_.-__—-—__————

B (2)
2(3) |
B(4),
B(5)

B (6)
2(0) .

CR(1)

2(2)
{3}

R (4)

J.054
6.Ga5

€.093

0.10¢

r.11%
C.466

277

0.228 ..
0.205 -
0-193

-0
0
S I
D
.0
0.
0.
0.
" 0.
0.

<061
-086

100

-108 "
114

512

280
228

206

193-'”
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icted values of equation 4.2.S5.7o. : o .

The Approach of NacPhersSon et al S

- : »

dacpherson et alfo used.a semiciasSic&l:approach to pred-

ict the polullzatlon cf wclegular radldtacn{. -Theig pred-

-
.

icted polarizations shguld be dpproacned} ch Ligs* values of

" the rotational quantum numter. The.predicted polarization
is given by: ) ) SRR P,
S p = 3cos'Y-l

cosY+3

whers Y is. the average afgle tetveen the dipole moment for
. ’ * + .

hcment Eon.emission, Mom .

. - - L L
aLsorption, '¥_p . aid the digole

o o . - . -
For L to II transitions(R and P IKx cAes), Joth u b and u
lie in « plade pecp‘ﬁ&i : o} tte 1nte:nuulear axis wltn

no corrciation b&ﬁ{egn then. Ihe_averaqﬁ angle Y L5 then 45

- O

quLeLq, ana the predlctpd Polanlaatlon is 02143 -For‘the N

a

.)u

sranch, U “and u noth lie lonq the LGtAthﬂ Vector,
. abs . em :

aud Bende the value of y..is 0, and the predicted polariza-

. s . - . - ' L - )
tion is 0.5. ForiI to I transitions, there are only tae K
N N’ o g ) - =¥ s . ~ . . .
and P pranches to censider, arnd My and'uem ite in the:

i

plane of the lnteLnuulear axis ulth no correldtion‘betueen
3 ) .

thed. Thus the average value of Y is LS deqLee -and the
. . . . . Y ) . ’
predicted polarizaticn is‘O.1u3.' - oLt

"pseudo-Threshold Polarization L Ty

P .
g -

nstxwatlnu the"threshclﬁfpclériration“‘rfomﬁstraightfor4"

- e

'ﬁ¢ru LDldElZdthD mgabur;ments is oftern ulttlcult ueC4use of

'lntehaxt} llmltatlon~ n&dL tne thxesnolu and cas ca bonttl—

hutions from higher ly;nq'states. In audltxon to txese,vthé

assunition or impulse ekcitatién is”quesiiongble close to

N
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z

tiresicld; the possiblities of “electren corrclations®i.and:i .

.

near tureshold resonances exist. These effects would cause

the measdred‘pola:izaticn:to vary rapidly with énerqy, ‘max-

irg extrarolaticn to threshcld somewhat dukious. IZ these

-

effects are known to ke occuring, it is possible to estipate

tie tureshold polarizaticn frcm energies well above thres-

53ld71, but the accuracy of the estinate =may be guestion-

ab led It is possible to simulate tae hreshold selection

.

rule (eq. 4.2.5.10) by use ci the pseudc-thiesiold measure-

‘ment suggested by King et al®2. 'In this type of measurement

. .

tie photons are detected in ccincidence . with the forwatd
.scattered electrons,' forcimy m;=0. e werk DY Wykes 3 on
the anqularg dependence of ‘the scattering ‘amplitudes shows

that settiny the scattering angle egual to 0 Lorces, tae.

selection rule AMN=O; since - they <contain an. assoclated

Leqénd:g pclynomial., At 8 =0, cnly Pﬁglcosee) is noan-zero.
eS8 _ e

‘This wmeasurement can Le performed at energies well away from

threshold, "where intensity is nc problex arnd impulse excita-
tion is 4 valid assumption. Al;p; tlhe mcasurement is ren-
dered cascade-free Leécause Of tke cclncidence uature of the

experiment. King et al®2 used this techhique tc wmeasuré tae

'threshold' pcelarization of the  fe Z21P radiation and
obtainéd a value ¢f 1, the expected theoretical walue. They

did however find that it was importart to'accept only those

"electrons scattered yer? close to eezo-‘ ‘The rinite angular
. N N . ‘ . .

resolution ol ally spectrometer results' in the Usefulness of

this. technique beinyg lirited tc incident energies lass than

dpproximately three' times the threshold cxcitation energye.

. -
-2

e
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Above . this 'critical energy' the measured value of 2en
detreased rapidly with increasing enecyy. Nore will be said

N N 2 -+ . -
about tiLis later.

A
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4.3 DESCRIPTICN OF THE EXPERIMENT

.
0

4.3.1 Interaction iegion and Letectors

The interaction reyion is idertical’ to the one used to

detect wetastable a%gms, with the followiny exceptions:
. ‘ _ .

. 511) The é@s heam‘was‘moved frcm the f;axis to.the ‘
x-axis SO that gas uomid, not.-he eﬁﬁusinq'
straignt ;nto' the .Ehotcn détecto;  sitting
dbove‘the.interactibn region. This mod;ficaf
;égihfeduced the éhanc§s"of radiaticn tEaPpiﬁq
of thezphotcns Ly tune Qas.

2} The nmetastatle detecter was repliced by a

-

- . . » ) , o
polarized photon detector, consisting of a

-

reilection polarizer 4and a channeltron(see

Fig. 4.4 (a) and Fiq-‘mu.ufbj).' This deiector

coulid Dbe rotated ,autcmaticall; ~through. 90

degyrees by a synchtonous motor attachked to 1it.

-

{3) The danalyzer hali of the' spectrometer was used

to perfora energy 1lcss measurements orn the - .

scattered electrons as discussed in Chapter 2.
L The aualyzer could oe potated about the y-axis’
. . N
to” detect electrons. scattered intc non-zero
' B ’ B . .A ' . +
angles. . ‘ .

A schematic diagram of. the experimental gecmetry nas already
“been discussed in section 4.2.3(see TFig. 4.2),  so we need
not discuss this further.

_Polarized Photon Detectors

'Ll
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Fig's. 4.d{a) and 4.4 (b) Sacw diagrajs'o: the two polar- -
“ized photon detectors used in this work. Fig.., 4.47(a) illus-

trates a doukle-reilection device identical to the one used
r by- Malcolm ard HcConkey®0, except +hat alupinum mirrors
~coated with MgF, were-used instead of §gold uwirrors. . The

feason 1or .tkis 1s that any mercury varpour {from the dirffu-

‘sion pumps) reaching 4he gold surrface would attacdk .it and
- severly reduce the reflectivity of the surface. The double-
‘reflection polarizer was used -to perfcrcr the polarization

correlaticn experiments in E,. The polarization sensitivity

of the device was measured, ard -found to te 9.40 for the i,

cuissions.

Fig. 4.4 (b) shcwé a single-reilecticn pclarized photon

detector, used for the measurements with H,. . It was fourd
that the doutle-reflection polarizer had'a pclarization sen-

sitivity ci O for the H, erissions, s0 a new device had to

be used. The mintor-iﬁ’tpe single-reflecticn polarizer was

.made oat of Jylass, waich was found to have significant
polarication sensitivity over. a large Javelengta range83. .
for tae I, emissions, the rpelarizaticn sensitivity.of this

’ device was measured and fouund tc be 0.55.

[

No wavelenyth selection was performed in the photon chan-

rel cther than that which cccured due to the decrease in the

' . -

- . chaareltron sensitivity toward'lcnqer wavelengths. TFor this

reason, a pumber of vikbraticnal tands contributed to the
* observed signal iu the pioton channel.. ‘However, this is not
expected to ke a” problen, since,yibrational traansitions do

. . - .

“
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not contribute any angular mcgentud to the excitation or

decay processes, and will .not affect the polarization?® In’

fact, 'straigntiforvard polarization nmeasuresents using ditfo-

rent -vibraticnal bands in H, ccnfirmed tkis aspect?3.

P
~ I3

Coincidence Counting Electronics - ' . : -

Thercoincidence éoust}pg.électronics'.ate-shoﬁn"in Fig.
4.5 and Tablé 4.2 lists the c;mponenfs‘dsed: '-No;e that the
p@otoa-chdnnq%‘is used to start the time—toéﬁmplitude con-=
ﬁaftef TRC) Qnd thé.elect:on‘ch;nhel is used to stop it.

' Thé timing sSingle channel analyzers have adjustable delays .

wiich were usel to vary the cverall relative delay between
the photon and electron channels. ©The fFosition of the coin-
cideace peah in th¢ time spectrum could be adjusted in this

way.  Norasally, . the integral discriminators are not neces-

sary, since the TSCA'S(*i havelconstan% fractioh_discrimiha—‘
tors built in,  but it uas fdund tuat thé‘timinq resolution

of the: eleﬁt:onics tohld Le improved' siqnificunfly>‘by'
inciudinq then. ’ Ouﬁput ;ulsesnircm the TAC ﬁere fed intb a

T4—1710 pulse Leigiht analyzer which was used  to obtain the
coincidence spectrum(sore will te said about trzis later).
. o= , ' s
.
fig. 4.6 shows a logic diagram of the electronics used to
rotate thw pelarizeu photor detector. The THN-1710 1ssuved a

’TTL'pu;sq;;o the device, telling it to Totate the polarizer

“tiarougn 90. degrees.  Hicroswitches . on.the  moOtor mounting ..
were used to signal the 'controller that rotation was conm-

.

'(§) Timing Single Channel Analyzers
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Table 4.2
Coinuidence Counting flectrcrnics

- o i i

1odule - ' . Function - .

VTeunelec AEC—SOOD | Chaﬁnoltrcn Hiqh Vol?aqe Sﬁpply

Kepco HB2AH ' Phoidn Channeltron Bias Supply

Ortec 661 Lo ' _ Delay 1ine~Ampli£ier

Ortec 4z1 T A | .Inteqful Discriminator

Drtec 551 iy _ ‘_ Iiminq simﬁie Channel anralyzer

Ortec 467 K '_ Time to Pulse Heiqh£ Converter
_ o . Cw

ortec 441 . ' _..Ratemeter . | |

ortac 484 - S Séaler

Jrrécor Northern TH—17 1 i BHA Mairframe

TE-1710-4 . . 2008HZ ADC
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4.3.2 Data Ccllection and Apalysis _ -

he steps’ necessary to'prcduce. ?ola:ization correlation

are rgldtifély-Sﬁraiqhtxoru¢td and ure as Zollows:

{1) An eneryy. loss spéttrum was acqui;e&(qs out-—.

‘lined in Chapter 2) over an emerqgy range which

covers the transiticn to te stulied. ThHis was

\ . A

normally done . at a scatteringy angle oOf -0

deygees to obtain the paxizuw amcunt &I sig-’

nal, d4nd at an energy _well above ‘the excita—

tion tirgshold, Acquisition tines were on the

7 o .v‘ - “ , . L
crder of - 1-2 hours, since the.electron count

tue largest energy lcss  peaks. | From the

eneryy loss spectrum, an estimate of the ove-—.

rall:resclhtion ‘df the spectreoreter could he
obtained.  The signal to noise ratio in the

wlectron channel could also be maximized this

way. Once” the energy loss srectrum was
obtained, the peax. corresponding to the

desired fransitién'uas identified, and ‘ﬁhe
ahaiyéer.was tuned tc that enérqy. ‘

.(Zi The coiucidence‘electrén}cs,uas then set up‘tq

.-sfévide” oﬁtimﬁm .tiﬁinq' res§1ution, and the

relativé:delqy‘bétweeu the ‘photor and elsctron

channels was édjusted so . that tie coiﬁcidepce

peak 4appeared approximately in the piddls of a

rates Were on  the order of 20kHz or mere for .

[ 3
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512 chanpel spectrum. - This was tc ensure that

L)

@ reliatle value for the Fackground would ke

obtainedvon‘bbtﬁ sides of tke peak. . The tin—
ing fahqé.qf thQ‘:&C‘idS chosen to hé.ﬁaans in
;Hg Present wor«. |

The T#-1710 Piia 4a5 then prograzmed > acguire
data in sota halqgs‘dz it; Rencry,  the first

Lali corfespoudinqxtc the folarizer ;t the

'auqlc'B and the sccend halsf cofrespcndin4 to

the polarizer totated te  the - angle R+5Q.
Coincidence cournts were accupulatel in  each
aalf oc " memory for a preset amcunt of iive

time, -after which it sent a pulse to Cthe

poidri;er‘controller, telling it tc rotate the

poiarizer.  After a suitable delay(alidving-

the rotation to ccmplete); the Tad-1710

"swltched  semory halves and resune - cbuuﬁ@gq.

.-I N N ) . - - s ',
This sequence was repeated until sufficient
statisties were accunulated. Systematic vari=
aticns in teim current and target gas pressure

“ere averaged out in.this way, and the two

colacidence spectra Were automatically normal-

lzed to the total live time. Because of the

lov coincidence rates, typical lata ccllection

tipes ueré'sﬂ to 80 hrs, - and .“the statistics

were then c¢nly about I percent at rest.

e

Berore using N, or H, as target -gases, the operation of o

the system was checked out:using He.

This - was done to
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- _ensure that reliable results could be obtaikned and to deter-

mine the oricotation ofltté pclarizatiorn ellip;e.' Alsoc, any
as§mﬁutry in ther‘poiarization éilipse ‘cduld'}e estimated
fron }his. This was necessaty since the ﬁeasuteﬁéuts vere
nade at ou;yug anqléé iﬁstead of-all four.r Thus a;y‘aSymme—
try would affect‘the meésurgd value oI the pclarization and
would have to. be cCorrected for. It was.found that the hsyﬁ=.
metTy in the pqiapizétion'eilipse Was héqliqible in,tﬁe pre-
Sent WOCK. of‘coﬁrse, it would have been better- to measuré

the ceincidence data at Sll four ungles B, B+30, B+132 and

B+270, =since this would dvérage out any asymmetry. This
modification is being planned for future*experiments of. this
type. ’

Another experimental parameter which had to be deterwined

was the acceptunce angle {anqgular rescluticn) of the ana-

.

lyzer. This was done by observing the electron signal with

no target gas prescnt as a function of the angular position

.

of “the analyzer. It has béen shown by.ngtel and Rcss®es
tiat the angular rescluticn cf the analyzer 1s given by the

augle at which the electron signal disappears. ~ In tie pre-

~

sent ¥ork, this occured at about 2 degrees.
L] B . s .

Analysis‘of the Coincidence Data \
~
Flg. . 4.6 siows a typical set of‘;oincidence spectra
obtalned ir  the present  work. The ©peak in.. the spectrum

-comes  ircm clectron-rhoton rairs whichk arce cbrtelatéd.
Uncorrelated electron-photon pairs, produce chance coinici-

dences whiCh appear 4s a uniforr background in the spectrun.
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‘_1nq P (u) at a bcatterqu{angle ct O dethus

+

‘Tue number of . true ccincidences is then the drea under the

-

peak minus tha numter or"chance ccindidences ‘Wwihich contri-

pute to the~peak:>_;ne pslarlzatlon 15 then defined as:

-

“(B) - N, (8+90)
(B) + N (B+90)

i

'\' . P Ry . (’4.3.2.1)

&

wherei% B) i thu numLer oL true c01ncxdences ottained dltn

the polarlzer set to tie augle Band o is the polarizatipn

sensitivity of the pclafizer. . 4ith this dJdefinftion, tae

Stokes' parameters that were measured are:

L . S, = [ {u45) . o )
. PSR
Assuaing 23isson statistics, the error ianc(B) can-be det-

N
"1

ermined, and is given by:

2(N (B+9o)(N (B)+2N (B))+N (B)(N (B+9o)+2m cs+90))) 1/2

L ORLB)) = : (4.3.2.2)
. ) o ‘ (N (B) + N, (B+90))

yheze.ﬂc(s)_ls the numbcr of true. c01nc1denceb and (B} is

;ﬁne nuaber of chance cqincidences obt&ineq‘at.the.polarizet

angle B.

.
"

'

The psauuo—thresncld polarlzatlcn was cotainsd By measur-—

~ .
- -

N | X

“# »

For lack ®f a betté¢=mbdel,_ tnb polarlaatlon correlatLOn

. . . ‘. .o .._-_ Y b El
data was analyzed in terms of tuo ulpole osc1llators as dis-

-

cussed 'in section u.2.2; | ThlS lS. nound to have lts short—

cominys, OL courge, since thlb mooel necessa-Lly imrlies

cokplete Cconereuce. Tnerc is nc reason tc: =uppos¢ tnat thlS
will Le the case for mclecules when the rotational structure

is not rgéolved, as dicussed.in section 4.2.4. - The rollow-

- ) : 4.
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inq egquations list the various paraseters deduced from the

. "polarizatior correlation cata and the asscciated errors.

: a,  1-72.0 172

R = 7 = l_'l'E_(—O)'_ | {4.3. 2. 32)
z C :
B.(0)  0(2,(0)) .
GR) = = ‘ (4.3.2.3b)
_ TFE 0 _.Pz(o))lxz
® . ‘ . ‘

§ = cos'l(pctés)/(l-pz(O))1/?) (4.3. 2.4a)

. F

' 100 o450+ (B /=22 (0y) 202 11172
sy o 1807 (P8 (0B 45/ A-BC (0 0%z (00))

= _ > - 7 {(4-3.2.45)
(1 = PL(0) = P_(45))
. P_{45). ‘
Yy _1 -1 _c : 4. 3. 2.5
emn’.n ‘2 tan P_(0) - ( £-5a)
C
v 2. 2. 2 2 1/2

(PZ(0)Y0“ (P _(45)) + P<(45)0°(P_(0)))

- 250 + PAa5)
The mhape oi  the rddiation patFern-iﬁ the scat;erinq.plane
was determingd'by makidq ﬁhe arhitrary norcalization:

' ‘ 'iz?"'“'l;?': 1.
..and solving ;pﬁ éz-dnd a#_frdm_eqﬁation 4.3.2.3a. _'iheée

values were tioen used in the fcllowing equaticn:
2 . 2, tiom 2220 P
I(8) = a“sin"® + a_a_cosésin26 + a cosB {(4.3.2.6)
z Z X . X oL o

Tiae direction of mcmentum transfer is given ty:

‘ Bk. = ta}‘n-l('( (sinee (.1"53/3)1/2)_1-cot9e)-l) (4.3.2.7)

L3

The derivation of this ié given in Appendix 4.6.2.
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4.4 RESULTS ANLC DISCUSSIGAS

4.4.1 ¥Nitroyen Data

Fiqurés '4.8—4;10 present the results btained for tﬁe
excitation of the C:12:(§'=D) state of ﬁ,. Fig. 4.8 =zhows
the enérqy loss ispectrum ottained at an incident'enorqy of
80 ev and a.scﬁtferinq anyle cf O ‘degrees. - The C:.stdte is
indicated on the diaqram aﬁd vccurs at 12.9:Z eV, The esgif
matcd energy resclution of the spectrometer ‘is 100 mevV.
Typical electrou_couﬁt fates at the peak vé:ied from 60k Hz
at ee=o to anodt 10Kliz at ee=15 deyrees, and the photea
COUNT CAatcs were akout 10-30 Hz, eéflectinq the lOow tran-

smission orf the polaerizer (about 10 percent).  Not resolveld

in tThls spectrum are the peaks’

on the low eneryy- f£lank of
the -CT) peak due to excltation ¢f Other states. Tils 1s not

" a ‘problem, however, as the recent uweasurerentis periormed by

Fead and co-workers (%) show. that the rain - contributicn to
the coincidence rate comes ircif . the ¢! feature. They per—

formed coingiience qated éﬁerﬁ? loss ﬁeaéurgmenps in this -
eneryy reqglodn ‘an& tound that the C& stéte is the dominant
contribuéioh‘to thg phoién S;qnai: dongtihutidns ﬁrom tﬁe_
blﬂu state are ueql;qible. |

figqure 4.9 shows the variaticn ci PC(O)_with 4as. pressure

4t an energy of 35 eV and eefondegrees._ Tatle 4.3 lists the

- data. uote'thAt at pressures abtove 2 torr therfe is a signi-

ficaut decrease in . the rolarization due tc resocnance trap-
- . . o . -, . :

——— —— —— —

(¥} G.C. King, private ccmamunicatiom -
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Tadle 4.3
Fe {(0) Vs Pressure: U,

Incident fnerqy = 35.0 ¢V, Electron Scattering Angle = 0

[

Head bressuro(torf} . l Poiafization
1.020. 1 0.14+0.C2
© 1-5:0.1 | T 0.1640.02 ‘
1.9¢0.1 - . a 0.16£0.02
T 2.4e0-.1 . 0 o.18s0.03
2:9£0.1 . b '0-10£€Tci' |
3.6£0.1 B 0-10+0.02 .
4. 40,1 - o,o7go.oz" -
¢
Vo J
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plng or ccllisiaonal effacts. “To ensure that subseguent mea—

4

surements were free frem Sach .effects, a rressure of ‘1.5

‘torc was cnosen_as?the wcrx;nq preqsure throughout th Cest

‘0f the experiment.

Pseudo-threshold Pdlarization Measurements
Fid- 4.10 shows the variation‘ oi PC(C)' Wwith incident

energylat i ﬂcatt rlng dngle ot Q degrees, and Table 4.4

lists the reculta.' Thlg is the rirqt,such pseuda—threshold
poldrlZdthh ne aburemgnt nade 1n w,. ;n?'ddtd lndlcatc a
pbeudo—tnre uolu poldrlzatlon value of J 18+0.08. Arrow a

iadicates tuu predicted threancld pclarlgatxon USan Ledults

L se tlon 4.2. S(equatlon .-.6.12);' Hltn a value of O 19.

y ArTOow b ln@;cates'tue predicted polarizaticn. when hyperfine

Structure cirfects were taken intc account(see details in ref

85) . ThHis kas a value ol 0-17. The expetimental vilue is
. in yood agreement with these,  but the utdtl tical unce ec-
tainty in the . data precludes a further distinction between

t;c two dpPIOdbhtb. The experirental value of Pth is cer-

, tuihly apove the predicted value cof 0;1&3_us;nq the seni-~

'cl&ssical'approacheo{arrou c). and more -thdn a factor of 2

. -

above tihe xtrdpclateu tkreshold Apola:Lzation obtaihed by‘
- S |-

Huschilt et alss, kltn d;value cin-O?(airow'd). “The lack

of agreement between the fpseudo-threshcld value and the

.-pfedicted- polarizations with the direct golarizatiorn ' mea-

surementis of Huschilt et al 1s rather puzzling, particularly

since resonances or electron correlaticn effects io not

appear to be dominating the excitation process. -in the near-

. -
. . .
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N . “ - ._ R . - . . . . . . ’ - -.A.‘I..‘ . ' .-
thresnold reglon in Noa Tne influence ¢i non—dipole teras

in the excitation Ffrocess was sujgested by Huschilt et al,
~and the recent work of lernandez et al®% lends supﬁoxt to

this. These authors used a supersonically cooled N, bean

~and observed rotational transiticrs in the excitationm pro-

Ccess with changes in rotaticnal guantua number of as much as
15. 3ince the entire enscenble was initially in the rota-

" tional yrcund state, . tuis impi;es that oacn-dipole transi-
tioas were OCCﬁ:inq'iﬂ the excit;tion prqcess;'. They found
that thesu_nou~dipdle efiects .were particularly significant
'at'cuerﬁics below 100 ev.' ‘ The aqrecmeﬁt 0of the pseudo~
"inresholdJ polarizétidn.uirh theoretical predictions {waere
dlpole e#citation.QJS'désumed)' is theq prchabi& dué'toithe
fact that_dipole'excitdticn dczinates the s;attgriuq-process
in the'ﬁotaard directicn. "Strchq Confiqutaiion'inﬁeractidn
efreétséi associated with the.extitution oﬁ.tbe'cz_statg may

also be . involved. - R : o .

It is 1interesting to¢ note that the 1neasurements of”Hus-

chilt et -al®5 on the polarization of radiation emitted from
the LIHu state of N, also showed a discrepancy hetween the
f ) X

theoretical predictions and tre "value tiuey obtained. This
result, alony with the present "results, suggests that non—;

dipole excitation is occuring fer the Bl  sState ‘also.
- ' . u
Note the decréaSefin"Q:IO)-at-about~3ytimes~the threshold -
energy in Fig. -4.10- ~ This is dne to the finite acceptance

;anqie 6f the analyzerd32, This can be uaderstcod as follows.
"AsSsuming Lor the mcment that the Born approximation is wvalid

.
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Table'ﬂ;n P
P (0) vs Incident Enelgy: N, o
iead 2ressure = 1.5' terre, ﬁl(?ectrbn Scatféring Aagle = )
;tnc.i..d‘,en't Enerqgy (evV) i ‘Pol'a.r:i'zatici:mn. |
S o T 0:1950.03 |
E 35.0 o 0.18:0.03 -
sol0 ' 5.1520.02
Cuso © 0.14s0.02
0.0+ 00134002
0.9 0.0310.02
35.0 _' L 0.08£0.902
160.0 ' S 20.10to;02°
5
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‘ [ B ‘ . , o
‘at  all enerygles, ‘the mcmentur transfer vactdor is the

quantization axis. - The finite angular :esclution of the

analyzer means that 'there,uill be a: dlStrlDutLOH in  the

direction oi nomentum tran fer, and hence,‘ a depoldrlzatlon

-in the MEdQUECd valué o Er (0).‘_At low enerqles,‘tne momen—

tum tranofux vector ‘is pdetlcally in tne forward dl:ect;on,

and the quantization axis 1ies very close tc tae z axis; no

‘blgd&leaDt UGDOLdElzathP wculd be cpserved. At hiqher"

" energles, nowcver, tne momcntum transfer v»ctor rotatus away.

frémlﬁae'z 2xis, ard rcqultb in‘a‘larqeyranquldr d;strluu—
tion oﬁlthis vector, @ven thouqh';ﬂe scatie}ed elect:dﬁs'dré
detecte i close to - 6 =0. ‘  Thié.caﬁses-the‘obsétVEd depolari-
;thOd in the Gdtd at h gher GDEIQLtSl

Polgrizatlon.Correlatlpn Data

-

"Pigure 4.71 shows the va:iatianbf PC(G) and RC(HS)H.witb(
incident energy at a scatterirg angle cf 5 degrees, and

qule'i.s lists - the data. ‘seueral‘points should e noted

.abouL-F;q..h.ijz

(1) The small value ‘of EC{Of; t It has an‘esseﬁf
fiall? cohs;anf- value cf. about ¢.C6 over the:
'uhblé'eﬁefqy rduqé studied, whéfeés‘the pSQUfl
Gvahrénglﬁ' pdlariiation measﬁ:enent. had :a'
v;er'of'0;18-‘ .

:,,(2),15;,519“in¢9C(0) 'tdygrds 0 a;han enerqgy 6f 
. about 67_5--ev is .proﬁably signifiCdnt{see
iatér);.. It 'appea;s tha;‘a_minimum‘ ih Pcio)

oCccurS whenever B, (45) goes through 0.

.
-
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Table 4.5 . . .. = s
Eclarization Correlaticn Data vs Energy: No ,
Electron Scatterimg Angle = 5 degrees, Pressuce = 1.5 ‘torr
. Phase = &Y. 8
. o : : in k
EeV)  Ec(0) EG(45) ay/a,’  (deg) (d89) - (aeg) -
(40,0 C.C6£0.02 . 0.CE+0.01  0.5420.02  85.7£0.7 -25.94.4 21.7
50.0 0.C€20.03  0.C4$0.02  0.9420.03- 88\ 0£1.0 -15.18.4 27.8
60.0 0.05£0.03  —0.C0240-02 0.95$0.03  90.9:1.4 9.0£13.5 33.3 .-
. “ ' . . R . ) ) . . ) . ‘ }-,,
67:5 0.0220.0%. =-020220-C2 0.9820.02 91.1%1.3 19.8t4.5 36.9
75.0 0-C6£0.03, ~0.1420.02- '0.9440.02 $7.8+1.2 32.524.7 40.2 -
-90.0 0.G6£0.C2 =0.€720.03  0.9530.02 - 94.2:1.7 26.5:8.1 45.9
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‘(3)'Pc(u5) i#”smgllfanq

ﬁo§ifiveiﬂbelqu qp‘ev and
"fhehﬁdecfeaSQE ra#iqu to ahoﬁt(CO-Jb at 75
eV, -atter yhich it vincreasésiéléwly' agailic

‘The rapid variaticn cf ?C{QS) near 67.5 eV,
. . . e, } » ;

atony with tire decrease in  3(0) - dat  this
enerqy, suggests that scmething interesting is

‘happeniﬂq‘ in ;he scdttérihq process urbundj
. . ‘ o .
67.5 ov. | o
Fig. 4.12 Qhous d £Ypica;iradiatioh pattcﬁn.deducéd fféﬁ
the Stokes! patdmetets; das fdiécusscd'fiu sectiod 4;2.2.
Indic#icd on “tne diagyram is thete;éﬁtzon scattéfinq-aﬂQlé
s th& g;rgéx;bn o;=momcntui‘tr;nsfer ék{ and the orienta—

tion of the pattern g§Y

in
Fig. 4.131a) shows the variation of @, and gV, wit
= - "k min
incident enceryy at .a scattprinq angle of 5 ¢ .deqréess Tbéj

horizontul error bars rerlect the dnguladr reselution of the

4

Spectiometer.  Note that ij and Bli de not . seem to be

Lelafggﬂin-@hy way to &ach othcr. This is dfStinctNy diife- -

\ - .

rent irom the .atcmic caéeu' - where these angles ‘shoyld agree

‘with each other for high _energies and small ‘scattering

-, .

ang les. Bclou:SS;ef,'eY‘ *Tand ek dare on,opposife sides of
N min ‘ . .. : ‘

the z axis. . v - Cae T
" ' b : . & . . . -
i

Fiy. ‘u.1§(b) suows the variation of the phase anqle, § .

+ [ PR :

witu incideﬁt_enecuy. Note that Letween 80 and A7.5 eV the

_ phiasé angle.is close to 90 degrees, suggestipg that a signi- |

Ll

.ficant componeént of circular pelaricatica -is .present Iih the-

~
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e Table 4.6 - L
. Polarizaticn Correlatiom Data vs Scattering Angle:N,

- — - - - — — - - —

Incident Energy = 40.0 ev; Pxesshrel;,i-s‘torr" ‘ _
B
-{deg) EC(O} Ecluﬁ) - _;x/az__- . (deg) (deg) . {deg)

- ——— - - -

o

0.0 0.1840.02  0.0120-08  C.830.02 89.6£2.0 -0.945.4 0.0
5.0 0.CE2£0.07  0.CE4CI0T°  0.5430.02  €5.740.7 -25.944.8 21.7

7.5 0.0520.02 0.0326.02  0.9510.02 © 88.1x1.4 -15.74.5. 30.2
100 0;1510-63_ '-u,1110-021 _clasio.oz'  96.4+1.3 1§.9¢3.s 36.5 

"15.0 0.14$0.02  -0.1630.03  0.8740.02 99.241.5 24.1+3.4 46.0

o g —

Incident Enérgy = 75 eV, Eressure = 1.5 torr

8 | - “Phase . 6lim - ok
_ Lideq) EC(O)___" ;ECiuS)_;_;___3§£3£_____;j§fgr (deg) (deg)

0.0 0.CE£0.02 0-CC+C.02 ~ 0.92#0.02  B89.741-3 ~1.844.5 0.0
5.0 0.C€40.02 -o-ﬁnio,oz"'o.su;o.oz 97.8+1.2 32§siu.7 40.2
17.5.-0.0320.02  -C.C120-03  1.0320.02  90.5:1.5 —B.1£4.5 50.8
.+ 700 0.0740.03 ‘-o,ze:c-as:- 0.9420.03 75-8:2.9 -38;313L3 56. 6

12.5 0.C620-C4 ° 0.3C+0.04  0.9430.04 72.3%2.4 =39.6£3.5 60.4
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€aitted radiation.

fig's. 4.1d(a) and (») suow the variation of the‘sgokes'

‘parameters vith electron 'scattering angle at

gcspéctively. " Table 4.6 lists, the data.
poiats should pe noted frem these figures:
. . ) Coe ‘

(1) The rapid decrease 1o PC

whicn‘occurs ét'about 7.5 deéﬁces-
thﬁt PCLQS} “goe; ‘througn O at ab
anqlé. it larger scattering angle
.reﬁdins QSSentidil? ccn§ta§£, b£t §:(
“larye vu:ia;ions, . -
@ e phhaviour of 2, (45 at’ 40 e
ek;ctly.ohppsité to the 'beﬁéqicur‘é

-~

PC(uB)- goes tnrough 0 at about 7.5

;ndependent Oorf encrgy, and . the

mui (maximus or minimum) - in PCIQS)

about 5 degrees, agailn indefpendent of

(3) PC(O)‘_appeats‘térbé:clcse to 9 at 7.
Cat tie incidént ‘energy of 75 eV.
* . (4) Attention should’ he drawn ‘to ‘the ldr

~ tions imu Dc(ﬂsjf' These are muach la

what was okserved in Hy (see éectiou b.4.2).

It would appear from this data that E\(O)

-giniaun’ each time PC{QSJ goes througn 0i This suggests that
" o | . .

there +is some sort of correlation-:lLetween these Stokes' par—

-8

Ll

43 and 75 ev,

The following

{0) to tnpe minimum

Hote also
out this

sf 'PC'(O}
u5}¢shows

-

'is almost

t 75 ev.
deyLees,
extre—
gccurs at-
i < .
eneryy. .
5 déqtees‘

’

Je varia-

rger than

goes throuygh a

aneters, an effect which would not be expected rfrom the sim-

ple podel discussed in secticn 4.2.2.

~,



. 50T

ANGLE (deg)
ks

o

15

R

ANGLE (deg) -
- .AO

gl.

Lk

S5 ’_‘%_‘ 10 9?(’:199)

(b)

' . FIG 415 _
Gk,em-in VS Siqtterlhg Angle: Ny -

| .T'ff‘ff"‘.‘;ff.t Gfpin_ ‘j

I



.
©

ol

of g7,  at 40 and.?ﬁ'ev should te wnoted alsc. .

'pa“be augle 1b'about 20 ueqrees at a scatterlnq anqln of 7.5

given by:

—2Z2¢6- -
- ) .
P

~1qures L.15(a) an& (L) show 'the variaticn of ek and 9 min

with electron SCdtteang qulE at uo and 75 ev, :espeé;

- . .

. A . .. gy : .
‘tively. It can be seen at once that-emin Eears no relatlon-

P

_Sh%puto e; wpatsoewer,_ guqqe tln* tndt tx& Born approx1ma—

tion . is clearly inadequate'_tb'_aescrlhe the  scatterinq

BLocess Lar Nae The significant difference in the behaviour ,
T “ T - . " . .

man
Fl

Figure 4-16‘§hous the variaticer of th€- phase angle, dﬁ,
a;tu b&thEOH bcdtterlnq angle at uO arnd 75 evs - Note once

agaln tlc OPLOSlte heth1our cf § at the twc euerglea- The

dthLEb, guggcgtlng tJat a blqnlllcant Lcmpcnent of c1rcular

- 3
v -

pUldllZdthu de be pcesgnt.

-

L -

Because Of the large numbeu. ¢ Lotatlonal Stdtea contrl-
. - V q . . . ’ ! N L] . .
uutlnq to  tuc onserved Laulatlcn,- it is not ~.bossible to

uxtraut ln- ;hdtlcn ahout the qcatterlnq amplltudeb fron tne

.pre sent data. _Alsq, it is not possible to exhract 1nrorma—

tivi ahuut Luu state’ mult‘pclc5* <T+Q> frem the Stokes!? par-

amneters, cxcept to =ay the *clloulnq. Recall-f;om the dis-

cussion- 0:  section 4.2.u tnat the StoXes! paraneters . are

- . a
£ M ) . .

s

pC(O);(-<T§2>+73/2 <TID>)/I

B (45)= —2<T§i>/1

where

<TLO>£E'+ <TI2> + <T?°>AG)._ 'At“a”“scﬁiterind aﬁgle'or'

.

7.5 deqrees, wqere both_EC(O) "and PC(QS)- are essentially

‘zero, <T5,>=0 and <Ti,>%/3/2 <15,>.
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excitaction and'decay Erocesses are indepeudent the'valué-of
P~ {0) la determined scley n} the relatlve pOPUldthDb of the
different magnetic sublevels, and hence.by tne‘saléctlon,

rhlus Joveruing the ekcit¢ticn ctf ' these. If dipole selec-

‘tion rules ére‘dominant it is difficult to see how PC(O)
. ’ - . '

.9 or uveu‘neqative.;

£

a roeduction in'PC(D) may occur due to the effects of cohe-

- could vary auch, given the selection rules £or homonuclear

diatomic molchles- However; if non-dipcle gxcitation is

Lavoured at certain scattering angles arnd lnCIQunt enerqles,

.

then alqulilcant uepo;arlzatlcn may occur, iorc;nq 9C(0) to
* As pointed out previocusly, aon+dipole

exc¢itation 15 certainly occuring in N,, particuldrly.at the

ilow eheuqies gsed 1in the present work.‘, Next even thouqh a

~ [

large wuaber of otatlon¢l lev ls contrlnute to the ooserved

coiqcidunce dignal &nd the-coherence betwcen States of

difforenc ¥, 1s fnot observed, it may still be possible that

reut excitation or the rotational levels. The amount of

‘causes a reduction in the . reasuired polarization even though -

. 1
. -

Coherence is of course .liwited py the rigorous selection

rule sym {=F= > ant‘"ym in the tctal wavefunction. Tuus only
o

states with even ¥, capn inte rLere with each cther, and simi-

larly,‘ only:states with odd ﬁ, interfére - witi each-other.

-

. ‘ ‘ . E . .
here is -no cohe Lence " DE€Etweeh states of even and odd W,

Jist as  the dnfluence of fineg and/oc hyperfinpe structure

= . s . 4

tke coierence betueen:Line(or hyperﬁine) st:ucture levelv

not observed, the coherence tetween rotational leVels could

-also reduce the neasured polarlzatlon in tke -present case. *

Due May however, point out the following. Since the.
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4.8.2.

ond thercdtbfi limit of tte chamnelt

iydrogen Data

Tic redilts of tne polarization correlaticn experiments

‘u;tnﬂﬁ,igré‘shown in Fiqures 4.17 to 4.22. Fig. " 4.17 Saows

the. eliwrygy loss spectriam obtaised in - B,  at an  incident

Ceneryy of 30, ¢V and electroun scattering angle of O degrees.

"‘Indiduied on ‘the' diagram are the -Lqugjxlzg(v"=01 =->
Elzglv';) .bandg and _the He:nét(xlig(v":0)~.-> Clnﬁﬂﬁ'))
bands. The cstimated eﬂe:qy‘gésciutién of'the spectrémeter-

:uuér;bout 100 weV,  as ' it was in N;. Note thut- fhié,is

insqfficieﬁz to resclve the cve;lgp: of the higher lying-

Lymau bands wita tiie WeLner Lands, so the cbserved.coinci-
dence signal contained contriktutions frcm the Lymak (7,0)

L3

and {8,9) bands. liowever, these are sc much weaker than the

-

werner {V,0) Dband which was studied that their contribution

was considered negligible. Also, f;t is vér? probable that
'tne'Lyman (7,0)..'and {8, 0) tapﬁs do not decay rack to the

v"=0 state, kut to higber vitrational statcs, and hence the
wavelengtns cf photons emitted in these transitions.are bey-
ron Sensitivity. -
s . - . . . ¢

Electrons whi&h lost 12.29 eV (correspondiny to the der-

+

ner. (2,0) bard)’ were .detected in coincidence with the ezit-
et TEs ‘ o

‘ted photons. | Typical couat rates in the electron channel

' varied‘E;Sm,.dboht 50 kHz at & =0 to about & kiz at ée=25
. . - e - ' .

degrees, and in the photon channel, typical count rates were

about:1u—40'ﬁz. In order to clktain reascnable statistics,

datd acjuisition times were atout-30 tc 80 hours.
R _ . .
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N Takle 4.7 |
Pe (0) vs Fressure.and Energy:zia.

Incidert Energy = 50.0 eV, Scattering aAngle =9

Head pressure(torr) .. Polarization
1.2£0.1 | - 0723:0.05
200£0.1 ' - ©0.21£0.05 ;
3.2$0.1 0.20%0.07

. 5.0+0.1 . 0-15:0.07

Pseudo-Threshcld pclarizaticn Keasurements.
. 2lectron Scattering Angle = 0, Pressure = 1.5 torrc

Eneryy {€V) Eoclarization
40.0 - 0-1920.05
50 0.2240.02

3.0 © 0.20£0.05 °




< " Figure-4. 18 shows tke variatien of EC(O) ~with gas pres—.

~Sgre for a scattering ‘angle ¢f 0 degrees and an incident

- renerygy of 50'ev;. and Tahle 4.7 lists the data. "To ehsure
taat radiation trapping was not .causing a’ depolarizinq
erfect; 4 fpressure of 1.5 tcrr was used.throughout the

Al

experlmcnt ' Iilcan be seen fron Fig. -4.1§;that_thé poiari—.”

zation Ls ebsentxally conCtant pear  tulis pressure. A com-

parlson of Fig. 4.18 with tne polarxzatlon vs pressure data

obtained 'in N, sShows th&t the rressure derendence of %}(O)

is not as btronq in H,.

_Pseudo—threshold Polarlzatlon Heasurements

- [

"The only cther pseuao-thresnclg polarization m;asuremcnt

.

available in i, are those ot decolm and HcConkeyﬁO'ﬁl The -
' present Lesultb are ;lsted in Iable u T For the H, Werner
hds, they medburei a pseudc—threhnold FCldrlZathH oi

E*O 1710 03, dnd thc present medcuLements Lhdlcate a value of

-

Pduout U-.20+0. 03,‘ hoth off which are in dlSagreegent 1&th the :

direct polarizaﬁion ‘measurements cn the integrated Werner

(@, n band7s, which indicate an extrapclated threshold

-
.

‘polarization of. about 0.3 (assumirg the rapid- decrease near

tae Luerhold is due to rescnance effects and electron cor-

relatlons}. The theoretlcal Lrealctlons cf -section u,2.5'

give a value of 35 for the threchold pclarlzatlon, which'

is anut_“1QOH pehcent nlqher thdn the pbeudo-tnreSnola

- -

values. Note that the situationm in Hp 15 reversed frou that

of MNo. Ir the latter.gas, there was agreement between the

¢ ’ .

k"theory and pseﬁdo-threshold value. More~uill'be said anut‘



~this in section 4.u.3.

Polarization Correlation Besalts- . -
. ) . R - s

© Fig. .19 shows the variaticn oszc(O)' and_%'(MS) ‘with
‘electron scéttetiﬁq angle for incident electron energies of

2

50 and: 30 ev. -The smocth curves drawh thrcugh tﬂe data
'poiuts are shqqestive{bf the trends in the data only. Table

u.avlists the data obtaihed at these enérqies..‘ Ihé £oilow—
ing points sHKould be noted fremr Fig. 4. 19. -
S (1) The slight ;ncréﬁgg‘in PC(@):"aefheégdo.and 5

. S

- degrees at 50 eV. This behaviour was also
observed by Malcclm abd McConkey®9d,’  but was .

not - observed in_N}, ; “ . -
‘~(2)'PC(CS redcheg-a miniumdq‘ vdiue'ag.;bdut.12;5
degrees -for . both SO‘dﬁd BOfef, Thé rather
';deep m%nimum‘whichVOCCUIS at-SO.eV as coapared
..u t; the shallow‘ cne at 80 eV  should befno;edi

ﬁ_ PC(Oy'L§‘p:obabl§ 0 at 1§.degree§ for 80 cV.

{3} 2, (45) is less than zerc for ‘alljécatégrinq
- .an;lés‘bbservedfl-exce;t at OQghd jéﬁae%teese

where it is clése to C(E=50 eV). A rinimum in

4
'Ec(uS)_ occurs at a‘s;atter;nq .angle of 10
degrees at "beth energies.  -Also, .PC(QS)

increases = lfaster from  the -.minimum with

increasihg.scattering.'anglé at 50 eV. than.at . -*

,

80 eV.
 . Fiq}_ u.;ﬁ sho#s”a”typical radiation pattern- deduced fronm
[EC(O) and 96(45). Figa Q.Zﬁ shows the variation of g and
. : . . . ’ : k

. -
&
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| ° Takle 4.8 e S
Pclarizatien Ccrrelation Data vs Scattering Angle:zH,

— — - ——— e bl —

Incident Enercy = 50.0 Ei, Pressure = 1.5 torr

— -— - -

] . —— o e
X B . o .. j?hasé ] -,egin )
_jdegx . Ect0) - Eo{45) L Vax/ag (deg) ~  (deg) (dqg)‘
C.0 0.z2x0.C2 - C.8020.02 90.0-» 0.0 0.0,
5.0 6.z420.C5  -0.2320.05 ° C.78+0.04  103.9:2.9 21.834.1 29.3
7.5 0.1420.C5 = -0.3640.05 C€.87£0.04  111.3£2.9 34.2#3.4 39.2
10.0 0.C£€£0.G€ ~0.4C10-.01  0.9420.C6 ~ 113.7:£2.6 40.7:4.4 46.2
12.5 0.C2£0.C5 ~ -0.3140.06 0.9810.05  108.0%3.4 43.518.5 51.0
15.0 0.2C40.CS . ~0.0210.05 0.8220.04  89.1%2.9 -2.3+7.2 54.4
- 17.5 0.18%0.C5 -0.C440.05  0.8440.05 92.2#3.71 6.0+8.5 56.7
20-0 0.23£0.(5 -0.1240.05  0.79#0.04  97.2+3.1 13.845.7 '58.2.

25.0 0.16x0.C6 —0-;210,05"  0.8530.05 102.8+3.0 26.915.8 59.9

o ;“Inéident Energy = 80 eV, Pressure = 1.5 torr

: B T e EILTTE
e ‘ : : Phase - min k
tdegi_ EC‘E{_ E(45) _ ax/az_ L _(deg) (deg) \‘dff’
0.0 0.2C£0.C5 - 0-8240.04 - 90.0 0.0 - 0.0
5.0 0.1z£0.C6  -C.1820.04  €.88%0.05 100.7¢2.6 2B.1:6-9 43.8
7.5 0.C€+0.05  -0-.2910.05 0.92:0.04  106-8+3.1 37.124.5 53.8
10.0 0.04$0.C6 —C€.3610.06  0.9610.06 111.4£3.6 41.724.6 59.5

12.5 -0.0340.06" ~-C.3410.08 1.04120.GC6 ‘ﬁ109.9:4.6 -42.2+4.6 62.9
15.0 -0.€1+0.C6 -0."1520.L7 1.0140.06  98.4+4.0 -43.8+5.0 64.9

— i e ——— -
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.can be seén,,elin appears tc follow €. up'to about 12.5

>dégiees at'SD eV(Fiq- u.21(a))} and th@u'dgohs sharply to a

. o , : : : N L
bllqntry aaqatkve value at 1‘ fegrees. {decall that this-

-small arygle dqreement tetween 6 and elin was not at all

observ0d in N,)- - It inc:eases after this, 7but is not

. L - ) S :
related to ek. _At_80 eV(qu.‘Q.¢1(D))9min ggllous 6, up to

about 19 eqrees and. then diops- qu;pkly down to 4 large
thatiVQ value at 1z2.5 deqreeé,' after which it appears to
remain constant.

Fig. 4.22 shows the variation of the phase angle,d§ , with

‘.

elﬂvtIOﬂ aCdtterlnq duqle. -1he phase is akout the same at

uotn energics up to.1_ deqrees. The 50 eV data thén.dropS'
quickly tc akout 90 'dedrees'at a scattering aagle of 15

‘degrees before. increasing slowly, = whereas the 30 eV data |

-decreases more slowly and not as far.

. S ' g . .

4.4.3 Discussion of the gesults

"pseudo-threshold Polarization '

_”‘e aseudc—turebhcld polarlédtlcn measurements in Ha and
‘H, provide the follcwing 1ntoqmat;on:
'(i) T2 measyfed péeudcfthreshpl& pblarizatioq
agrees ‘rather uell‘ uith_£ﬂé;retical ,prédic-

tions for &, -but not for Haa

n with electron scatterinq &nqle fer S0 and 30 eV. AS

R

{2y A ceaparison of the pseudo—threbhcld FOldElZd- j(ri“

tion data ulth th@ results of‘quect poldrlza-'*
tion measurements’Sfﬁs indicates'that there is

disagreement between them for both 4, and ¥,.



~241-

In}aédition to the above.two;tégté, the ‘iesilistof direct
Zpolariiation measureﬁents oﬁ the resdlve& fqtatioﬁal struc—
‘ture in H;1(73“ﬁindiéa£é _tﬁat the éxtrapclated th;eshold
pdlatiiations ag:eé Qitg 'the‘ predicted vélués usipq the
resalts ol sec;ionaﬂ;z.s. o -

’ . - -

The Jdisayrecement hetveen the pseudo-threshold measurement
ard the: direct . polarization wmeasurements in N, has already

becen discussed, and the possibility 6£_non-di;ole excltation . -

L.-

1s most pfqbaﬁly the'caﬁse cﬁ this,_ esSrecially in.the 1ight
‘of_tné résults.oi ‘He:napdez_et' alse, | Tipole exéitation
dominqtés ;hé'iorﬁafd sCattéfigg, so tais etfect -would not
" be observed‘in.a,péeudo—threshald mea;urement, qivinquadree—
ménf uith-theory; In addition; thg dgtéement tetween theory
" and the pseudo-tLreshold measuremenfs in‘ﬁ; indicatés that
'ﬁhe relative intensitiesof the P’ aﬁd.E  Eranches of the |
(5,05 aﬁnd ;:e prgdiutéd COLrgctly Ey theory, even aﬁ ener-
‘gies yell'abov& thé éxciiation ihreshél&; ' This"also sﬁq—
'Qests chdi ;ﬁé;conﬁiqucation interaction effecfs aSsoqiatéq
'G;th'tue:bit stated7 are not altering thue reiati#e intensi-
ties oIl the P .and & branches significantly at the enerqies_

used la the present experiment.

The disagreement tbetween the pseudo-threshold measurement

and tﬁeory-fcr Hp ig rather puzzling. Aith the present data

gll.thdt_Cdn be done is to suggest Qg§§;;;§jr9asons_for'the

-

- o

discrepancy. ‘It- will not be possible to decide whiich reason .
is actuully responsible without - further detailed measure-

nents. - L ‘ .
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Suppééé thht‘thé theoreticély#rédictionéTof the ?nréshqld
polarization are ‘indeed cbrreck;' J&heh'thé 'disgfepénCY ié .
due to éomg egpef;ﬁeﬂtal effect-\:sup§05e further £hat Eo (O}
varies capidif‘ﬁear 0 degrees; that is tc s=avy, it decreascs
shacply {Trom a.idlhe of abéut 0. 35 to.alWery 'siiall "value
before flsinq aqdin'fo-aboutrc-zo at S de;rees- If_th;s

variatior occurs ovver 2. de€grees or less, chances are that it

Would aot be observable because of the finite angular reso-
flptiqh of thet, Spect:cheter.‘ Insteéd §ome avetage
fdlde(inteqfatéd oﬁdr fhe anéﬁldr resoluticn of . the spec~
. . A .
: l:pmeter)-kn}gn was lower tkan tmg ‘true?! value at 0 deqceés
Qoull be observed. Ihis;may;.also-account for the apparent
incgease in PC(O) kFetween 0 and Slﬂeqréés. such‘vatidtiohs‘
‘can ke . exbected in. the atcmic case(see the paper by
xykes33}; . but they dccur ovex>a muCit largef rauge of sagt—
tering angles. Howevér, é‘compatiscn‘ﬁith'§e59 anﬁ,wi;h H“f
indicateées thet everytning seems to hgppen'at Jmuch smallefw

scattering angles :for molecules than for /atcms(the minimam

‘in'QC(O)_ is an exasmple 0f this). . Not ch can be said for

6r dqaiﬁst‘this h?ﬁothesis frenm a theére.ical point‘of'vieﬁf
the largye nugker of intefféréncé-ﬁerms Eetweéen states of tHer
sdmg Ny and‘ drfferent M& ;atpéa;ind in the .state multi-
pplds(cf‘équatipﬁ 4.2.4.8)l'cdulh either éause sdch-arrapid_
'vatiation\or;uash it out, = derpending cﬂ'the relative phases
oﬁ?éach scatteriny qmplitude._, Tﬁe~ag:eemept bgpgeéﬁ thedry
and experimeﬁt Lor Ehe pseudd;threshold:measu;eﬁenfs in ﬁeaz

where there are only two Scat;ering‘amplitudes to consider

‘suggests that the abtove-mernticned interference ecifects are‘a
. -v.‘ . . B . . .

v
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real poss%?ility. "I the apoye giscuss;cn is co;reCt,“then
it inplies that P (0)  does @ct behave in this fashion for
N», at least not atvthé. eﬁerqieé‘uséd in the present work.
‘It could be that any lnteizerence efzecth>conven1ently‘canﬁ
c;l_out ig N, leavxng a smocth Lehavxour, and dqreement_
Qith'theo:y;> The‘cnly way tc . +e:t this auggeatlor*_is to
re;uat the polarlzatlon correlatlon measurementu wlth a blq-

ni:lcant improvement in the anqular ‘resolutlcnlc; the Spec—

-~ trometer.

The other p0551u111ty thCﬂ could account Lor the discre-

‘ pgucy_ls that the: theory inchrrectly predlcts the relative

intensitics cr the P, ¢ end ‘B branches ¢f the werner tands

in .. Thus.the-expecimcntal value could bLe correct. Note *
Ctnat this - aoes not contkadxct the ‘statesents wmade earlier -

" about thc. aqreemcnt bethegn theory and experiment. for the

resvl ve\ rotutional‘lincs. These measurenments were made at -
‘ enerqles approacning the excitqtiop threshold, whereas the.

Ipseudo-throéhold mcaqurement Was cacriéd ‘out atk'enézq'
“ \-“_N' -

uull away zrsm t he thceano;d The Lelatlvg.lnten51t1es are
EfuciaL when ah-estimﬁ}e‘of the Apclarlzatlou is tp’be‘made.
It.may e éhéé the deviation in the”.:ela£ive ihfénsities
from th§ thééreti¢a1 values(at'_théesﬂold; becomei\Siqnffia
cﬁnt'o:lvVat énetqies'uéll aboﬂe tpé threspcid;-"dﬂe pogsi4
blé:rgaéou for .incorrect relative intensitiés'is the knoy@
pefgﬁrbdtidﬁsﬂaq‘thém P énd-ﬁﬂffanbﬁesﬁof-:ihémﬁérﬁér'$§s£em.
ﬂy mixgﬁq with thevﬂilzﬁ stateéﬂ.> ;hesé effects would com-
plicaty the calculation cf the threshold polarization and
;;e'n0§ taken'ihto_ agcouﬁt in " the discussions of éécﬁion



. Blum?0 as discussed in sectiodn - 4.2.5 in connection with

-intensities of
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4.2;5; ,Another posqzblllty has to do wlth the racet that the

-

'ﬂpbeudo—thresnclu polarlzatlcn measurements ﬂo not reproduce

: /o : : :
' tne tanSuoLd condltlons eXactlz Flrst'of all,, the scat-

tered electlon does not leave the CClllblCﬂ S with 0. anagular

momentun as Ln,the thresh;ld'caﬁe.‘ Thus the calculation, of.

-

Duns's syametry rules would have to be modified to take this
intp account, -Se¢ondly, in a pseudo-threshcld measurement,

it is the aiif nti

II»—JT

Ccross-sections-whicCh are 1nvolved
and not ' the tbtaL,cross-secticns. In the case of He an

eicitation,'th'* dog“ not matter. 51nce all dependanc» on’ tbe

‘ v
dynranics of the scatterlnq Frocess cancels- cut dnyway.. ThlS

" ’

‘;5 certainiy npot .the case':cr mclecules. It could be that a.

)

conbination of the-above two facts coulu cause ‘the rela&ixg,,ff

f the E, ¢ and B brancnes te dllfer'siqnifi—
Ly from‘tﬁe*_BXpected values. If the ‘P branch contri-

¥

tutes rFore to tue eﬁitted'qadidtion thah the ¢ Or &

€

unancxed, then, “since'tke rredicted polarization. of the P

branch is much less than the B or the '@ tranches, an overall J
‘ R ¥ crar , PV EL

reduction of the observed poldrizatior would dccur:
. > P .‘ . : - } . ! ' '
Anothel possibility -might bte the effects of non-dipole.

excitation, as Jdiscussed for N,. ‘However, the agreement

Letuween thé'éxtrdﬁclated threshcld ‘polariZatians and theor— 7

etical pred1ct10ns73 for.H, would seem . tc preclude this.

':rur:ner uor& is’ necebsar; to determzne uhlch, 'if any, of the -

aoove suqqethons are co:rect

~

et}
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Polarizatioan Correlation Data

It is interesting to ccmpare the N, data

_data. = Of course, a strict ccmparison betwee

" unjustified because of the ' diiferent electron

-~

involved (T to ZI+in W, and g _tc J in Hs). si

“are observed in both gases, kut there are scne

ing difrerences.

with the Hp

n i, and N, is

ic transition$

milar features.-

rather strik-

U)

In toth caseSTPC(OI is approximately constant

 except where it dips toward 0. The scattering

-

angle at which  this cccurs seems to  be inde-

pendent of eneryy within a particular gas, but

S oCcurs at smaller scattering angles in ¥,.

'In bota gases, variations in P (45) . were nuch

n c :
more signiricant tbhan those in P (0).  This
. c

probably reflects the fact tkat E (45) carries
. .. .'-C - C

rhase information which is significant. Note -

a%fo that EchS) changeaisign in Na, - buﬁ.ndt‘

in Bpe : S -

N g

The ~Born ~approximation was  inadequateg to
describe the scattering ‘process in N5,  but

appearéd'to wOor-k Iairly'uell for small scat—

tering angles in Hy (this can be seen rrom the

@

~~jraphs of ek and Y for these gases)-

)

min

-

In N, the 'effective' phase deduced from the

“Jata was always close ‘to 90 deqrees;. vhereas

- in U,,  much larger deviationsiirco 90 were

N

observed.



by

-.“ ‘... ." ) _2“6_

-

It is supfisidq that the pﬁase is nohfze;c;w'?qivehgtheh

lirge numkter of.interference tefms in the state multipoles.’

»

One would expect a net phase of O from this. ; Cleérl& thete

-«produce a

nust be -some simplifying factors involved which’

net phase as large as was observed i the present results.
’ ‘ : - . ." .
Is it'poss;ble, fcr ex;mﬁle} that there could 'be 5¥rela7

-

tively constant phase 'relaticnship between terns in ' the

State multipcles vith AM =0_and Au ;11?- Further expéfimen-,
. _ B ‘ .

. 0 . N ‘ . . - -
tal work is clearly necessary to sbed light onh this‘-probles,

Y

and scue suggestions are put forward in'sSection 4.5.2.
- ' . " . .

R .
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4.5 CONCLUSICHNS .AND SUGGESTICNS

x

Pseudo-thresanold. polarizations in N, and H, have’ beed§

N

_peasured and compared withnsthe results ¢f direct polariza-

tion measurements and theoretical gredictions. This is .the
: ] - . ‘

. ) 3

first such_measu;ement’penformed-in Na. It.was foungd that

.the',pseudo-threshdld,measurements in N, {or the xlE; ->

Clipt system was consistent ‘with theoretical predictibns;:
u v . - ‘ ‘ ‘ .

¥ith a value of 0.18£0.04, but Dot with the ‘direct polariza-

tion measurement, wb%;g,SﬁﬁEiifed'a value "of 0.07. The dis-

csepdncy hetueen the two measurements has been attr;buted to_

the pOSSLDllltY of non-dlpolg exc;tatxon channels.‘f In the'

Hy Xtgpt —> C}n system, it was Lound tnat the pseudo-threb--
g - A

. hold _measureﬁent‘ Has:,also-lncon51stent ultn the dlrect'“'
— ’ - ‘ .. . - . ‘
polarization. measurement, with a value of 0.20£3.03, ‘5hus\

‘verifying +the earlier WOrLK "cf Halcolmqﬁand-‘HcConkeyGO.

. A . -
~ . - - :

Theoretical predictions indicated that a value®fZ about 0.35
should Lave beer Measured. - Reaéogi.fof these discrepancies

have been discﬁ§sed., -

. -

Dolaclzatlon cqrrelatlon data were'alco obtainéd for N

and H,. /1t was found that thc:e vere dcamatlc dlfferencej\

-

"in the qehavxour of the ~two Stckes' pardlegers ' (0)_ and.

(uJ) betueem tne two qases; The Stoxes' parameters ‘have

been analvv d ln terma of -tﬁo‘ﬁerpendicula: digole oscilla-
L] B . + B B
to;s With  a :elatlve phase hetueen thex. ‘'Based “on this

eatment, the parameters desgribiné_ Epe_

‘radia €IOSR in the Scattéring plane were deduced from
: ' ¥ * ’ E -". . ’ ' . ‘ N ‘-\' . ‘l‘

2 - - Q
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the data. Ihe'@rientatidnvei the.radiationfpettetn,_speciﬁ'

Y
~_£1ed by the anqle emiﬁ',

was - écmpafed'tc‘the-prediCtions of
»

.tne Born approxlmatlon(momentum transfer dlrcctxon)_ It uas
foand that the Born dpprox1mat10n was 1nadequate to descrlbe
the :esults in N,, but seemed “to work for ve{y small scat-

‘_‘ter;nq anqles in i,. Tne relatlve phase between the dlpole.,

= e,

.OsCLllators was :ound to ne large and close to 90 degrees in-

Dotn ques, suqqestlnq that a 51gn1f1cant component - of c1r?
PO -

eular polarizatlon lS present in mclecular radlatlon. It .

"wa‘ Juqqested that the presence 0: dn overall phase could be”

dwe to tne pCSSlhllltY tnat “the relatlve phase’ between each

- . L

';scattetlnq amplltsde is reldted only to the chanqe ih the
fzmeguetie euahtum nunber MN in gcxng Lrem the lnltl&l state
‘o the excited state;" Of course, fthelp:esenee{of a le:ge‘
fueeoletiZed‘ composent'in .tee emitted radiation'may eISO_
“account for thlb, so.such a eonclusion'must;betaken.asvery

tenLatLve. Clearly an actual measurement of +the circular

'poldILZdthD is needeuato sort this out .

4
i

The eadel used to‘analfze the_upelarization deta- is.
cleatly'not‘adequate to descrike .the situqdtion in the mele¥5-
cuiar ease, 'SO'fﬁEthe? woerk will szequire the use of a eo}ee
qeneral‘Qesctiet;onjef polari;ed }iqht. : , ‘n__'

. ‘ ‘ ._‘1. _f .'{’

}On- tue theoretxcal side, the 'results 'oz tne denSLty

mdtrlA Lotmdllsm57 have Leen applled tc scme Smele cases in
Ho EKCLtatlon. It aas'.:ound that -lnformqtlon about the
scattering amplitudes cou;d 'only be extracted.afrom the

- Stokes' rparameters if 51nq1e rotational' lines could be

AY
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-'resolved or 1if the initial molecular ensexble is prepared so

that all”moleéuleé are in tbe K5=0 state.
N . N . . l .

4.5.2 Sudgestions for Future Eesearch. - . =

" Based on tue. discussion cf the 'thér.pseﬁdo;thresﬁold
polafiégtibn‘measurement§ and‘theﬂ difficulties éncpuntereﬂ
-théte, it 1is 'possible tqlsugéest vays in _thch'one ;houldP
 ,proceéd i;.déaling‘?ith_ﬁlectrcn-molgculelexcitation.

(n Experiments in - which single rotational lines
éan be‘reSolQed should ‘be;éarriéd'éut; ihis

.lavclves werking in the  visible region. and

using narroﬁ cand filters. In this way sindlé
dec;y ?ﬂannelé.Cdn bé isolatediﬂr'Suqh.experi—-
ments are currently heinq’déyeldﬁéﬁi .énd have
the ‘d;stiqct 'adVantaqe ‘_that .fhe citCular
':Pola:izatio; tgn bé'ﬁeasuréd.z

{2) To reduce . the number c¢f .excitation channels,

in surersonic béam_teqhnolOQy

néw.developmenté
cgp be uséd foldCCl the molecuiaﬁ ensemhip S0
ﬁhat‘onlf the lowest fctétiondl‘level is popu-
'lateé.‘ This,_ﬁbﬁld.enable Eétual.écaﬁﬁering
amplitﬁdes to :bé éxtra;ted from the Stokes'
.\Earametérs. .3Ihis type of experiment is heing.
.:planned'heréiét_fhe_presen;'gime.'
_13£-A fﬁréﬁéf-pségihilitfnéxiéé; ﬁ#igg‘£hé §;§e£§
‘.soﬁic_ ekpénsiongtebhniqde, . By ohfainiﬁg ‘a
Uy&zogén tgrge§ uith-a11 mélecule;‘in-fhe NO;O
lével and ﬁsihqhvery 'ﬁigh,reéeiuticn électfon
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H, data.

SpectLCSCORy it‘”shquld be pOSSlble to do:

-differential’ inelastic. saatterlnq iavolving -

]

‘o -

selected rotational trapsitions. This would
aliow. some¢ of the ideas reqarding ncn-dipole
excitétion chaunéls*tc' bé‘checked' dlrectly.

L

Collaboratlon hetween the dlndsor ana Manches—

_ter gEQUPS is dlreauy underway on thls'prob—*

len. ’

It might be FoséibleﬁtéluSe the time’ihvetse"
dﬁﬁroaqh in' Hnlch electrcns are’su%e;éiasﬁi;
cail? scattered :rcm molecules preparedf in
seltuted maqnetlc sun;tates.‘ Thlc awaits thé

duJelopment of bUltaDlE ultrav1clet lasers.

Prlcc to the;e develcpments lt would be lnter-

esting to lcck £or lsotope effects. In this

:eqérd-tne_xlzg‘->,c}nu- exc1tat10n in D, will

- be investigated in the very near futire, and.

the results will ‘be ccumpared with the présent

s
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L : ‘ . 4.6 AFEENDICES
4.6-.1 Hund's Case (L) Cougling .
Hund's case (b) coupling iS'—__e;s fcllows: - § _
. - g '«—";,"::;c?‘. b
- IR

% is the ctuponent of the total electronic orbital .anqular

‘momentum along the dinternuclear axis; 'ﬁ.(uitn z_cqmponént-'

7HN)_is'Lormed bf coupliny the rctation with f- ¥ then cou-

ples with the total electronic spin S{with 2 coaponent # )
‘ . : . N

td give a total angular acamentum Jwith = component~ﬁ'j.'

Noteé that n tnis ccupling scheme the spin is coupled weakly

[
“

to the Lnternuclear axis..

4.6.2 Tue Momentum Transfier Direction )
Consider the diagram shown telows .
. X !
% -+
- L _ RRE
p T . 4
1
— S
p .
0 .

N>
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. _ A . : 5 . : o o
Tne i1ncident electrcn has mcmentum pPs along the z axis, ~and

& 3 : . .+ s x '- . ‘ - ' -
" final momentumn P;. 'The_e ectrcn is-scattered into the "angle

aé(in the Scattering plane) 1te momentumltraﬁsfer,vector'R -

o ' isziven by: ‘ v
S l e > . T
K a = D _
o C(ei6.2.1)
Youw
N . ) n
-
Pa = PnZ
.+ ! o~ - . -~
P; = P1COSH Z + p,sSing x
: ) . & e
- X 5 . LN . ~ .
. N =k Z - Xsind
N | ‘_qosek S ekx

‘Uéinq these in.equatios 4.6.2.1 iields:

= . =1 -|- .
_pn PfCObﬁe kcosek

J

sin - ksinf.
] | ) _ P} l‘Be. 1 ek ' .
sultiplying the rirst equaticn by.:Sinek-aﬁd‘thé second by
: cosek dndfsuhtrqcting yields the result:

Pn/Py = €059, +‘coteksinee"

sblvind.ior coteki" . L o ‘ -
| _cotek :-pq/(?151nee) - cot@e |

‘Nou'pn = (2aZ4) 2 and p,y, = | (2RE;)12. . Then the,momentum{

. transfer Jdirection is given by:
. . s 2 o
T cotB = - - - . = cotb . (4.6.2.2)
o k —s;nee E1 e o . -
ok ., .

Using conservation of energy,

° . Ey = Eg - AE

where A E-is the-amount of euerqgy lcst by.the. electron in tahe . .

collision, the momentum transfer direction is:

| tand, '= ((sin6_(1-88/E) %)™ - cots )™t (4.6-2.3)

’

)

Y .o >

)



1o

A

15
1o
17

18

-283- S

REFERENCES
Brunt, J.H.H. Ph.D. Thesis 1975 :
Jniv. of Hanchester,-Hanchester,_Enqland\

,
- Elec. Sch.'Eel.;Phen._§(1974), £293-312

Srunt, J.N.H., Fead, F.l. and King, 'G.C.
J. Pnys,'E: Sci. Ipstr. 10(1977), p134-9. -

Harting, E£. andARedd,_F-H;
Elect;ostatic Lenses, Elsevier Press,. 1576

-3runt, JiN;H., Kinq;'G.C;,éndﬂﬁead, F.H. ' .
J. Phys. 3: Atom. Molec. Ehys. 3(1976), p2195—207_,

Bglduc E.,'Quemener,JJ;J. and Haimet, P
J. Chem. Phys. 57(1972},.p1957—66

‘Boy, b., Delaye, A. aod Carette, J.D.
‘Phys. BRev. A 12(1975), p4S-51

Sanche, ﬁ;vand Schulz, G.J.
Puys. Zev. A 5(1972), p1672-§3

GLissom, J.T., Gafte;t,-i.ﬁi_and Cempton, R.N.
Phys. Hev. Letts. 23(1969), p1011-14 .. -

Spenca, D -

J. Bays. Bz Atom. Molcc. Ebys. 13(]98C), pls1i-24

Jelllette, P. and darmet, E.

Can. J. Pays. S54(1976), p120&-T15 — -

Huard, D., Hdarmet, P. and Eclﬂdc,'E.'
Caha J. Phys. 56(1978), pB2-E€5..

Roy, D. and Carette, J.D.

J. Phys. B: Atom. Holec. Ehys. 8(1975), PL157-66 .

ho&, L., Delage, A. and Carette, J.D. -
F. Phys. D: Atom. Molec. Ehys. 9(1976), p1923-31

belage, ﬁ-,“ﬂoy, D. and Carette;.J.D, . . ERTDR
J. Phys. B: Aton. MoOlec. Fhys. 10(1977), p1487-96
Nesbet, L.K. - R
~ . Phys. "Rev. & 14(1976), p1326-31

-

darchand, P. ahd Cardinal, J.,
Can: J. Phys. 57(1979), p1624-33

F.H., Comer, J., Imhoff, E.E., Brunt, J.u.:ii.

and Harting, Ca.

Dassen, H.W., Helting, R.%.F., Huschilt, J.C. and’néConkey, J.H.

RaEey
Abstracts XIII I.C.P.E.A.C. 1(1981), ri96~7 {Satlinkurgqg)



24

25

.26 C

[
(V¥

34

36

37

--Cdfk- J- Phy&- b0(198})r . EES-GQ

, . -2%y-
N . |

-

Ja Phys. B: Atom. Molec. Fhys. "16{1983), p

-

Taylor, J.R.- . . ‘
5catterlnq Thgory, ¥lley and -Sons, New Yorx, 1972

Spence, Ue

‘Phys. Rev. A 15(1977?, p 6§83-7

Heddle, L. 1in Electron and Photon Interactions.with‘ﬂtoms.

Rcad, F.i. : . . | .
J. Phys, B: Atcm. Molec. Ebys- 10{1977) , p449-58"

Coedling, K., Madden, .F.P. angd Ederér, D.Ll.

- PhYS. feva 15:(1957), p23-27

Codliny, X. and Haddgn, HePa

PhYS. Reve A a(1671), p2261-70 ¢ T

Oullnq, Ko and ﬂaaue;, Ra P.
J. Kes. Hat. fur. Stand. 461\(1972) r P1-12
ﬁddden,.R.P,,‘Ederer,'a.L. and Codllnq, K;
PLys. kev. 177(1969), p136-51

Lin, C.D.

Ehys. Rév. A 25(1982), p?ﬁ—a?

Boulg?, M. and harchand, E- - o -

wead, F.u:, Bfuit, J.N.f. and King, G.l.. 5
J. Phys.:DL: Atom. dolec. Fays. 9(1576 ) 2209 19

Valin, K. and Marmet, P.

~J. Phys. Br o Atom. Holec-'Ehys. 8 {1375}, p2953—6€

2. Speace, D.

J..Pays. B: Aton. dolec. Ehys.. 14{1381), p129-47

Spence,'D.f : ) L . ' . :
Invited Papers, IX I.C.P.E.A.C, .Univ. ¥ash. Press, Seattle,

Lefaivre, D. and Marmet, Fa. ) o
Irt. J. #Hass:Spec. Jon Phys. 18(1975), fpl153-64

aoofe,_C.E."Atomic Enerqy Levels‘ Voles 1=3.. .-

- Dasscn, B.W., Gecmez, B., Kiny, G.C. .and NcConkey, J.id. e

" DPlenum Press,.N.Y¥Y. 1976, H. Kleinpoppen and M. HcDowell, Eds.

1976

§SkDA-NBS 35, 1671, G.S. Gov't. Printing Office, Wash., D.C.

Carbonneau, R;; Bolduc, E. and Harmétl_P;
Cane J. ths._51(1973), p505-9 :

Hacek, J. and JaeCKs, D Ha .

‘Phys. Ekev. 23 u(1971), p22b8—4300



38

38

44

Kykes, J.

J. Phys.. B: Atom. Molec. Ehys. 5(1372),-pi126-37

?anu; U. and Macex, J. o
~Eev;lﬂod. Phys. 45(1373), £553-73

plum, K. and‘KleLgpoﬁpen, B : _ .
J. Phys. B: Atcm. Holec. Foys. 8(1875), p8z2-5-

Eﬁinyuh;'n., YacAdam, K.B., Slévin, J. and Kleinpobpen,,H;
2hys. #ev. Letts. 31(1973), g576-9 :

gminyan, M., MacAdam, K.R., Slevia, J. and Kleinpoppen,-ﬁ.

J. fnys. 3: Atom. dolec- Ehys. 7(1974), E1515-42

Ewinyan, H4., Hacﬁﬁam, K.E.,‘élevin,-J., Standage, H.C.

- and Klcinpoppen, H. J. Phys. B: Atcom. 4clec. Phys. 8(19?51,

.Staroage, H.C. and Kleinpoppen}'n, . *‘ﬂ.

Phys. #Zev. Letts. 36(197¢), p577-80

Tan, n.fl., Fryar, J., Faraya, F.S. and-ﬁcconkey, J. We
J. Pnys. 3: Atom. Holec. Bhys. 10{1977), p1C73-8

Jgbabe, A., Teubaer, P.J.C., Welgold, E. and Arriola, H;;
J. Phys. B: Atom. Molec. Ehys. 10(1377), ¢71-9 : -

Sutcliffe, V.C., Haddad, G.N., Steph, ¥.C. and Golden, D.Z.

Pays. keve A 17(1978), p1CC-7 - .

'Airciola, h., Teubnet, é.J.G-,‘Uqhabe,_a. and aeigold, EB.

. Je. Phys. 3: Atco. Molec. Ehys. 8(1975), p1275-%

L9

53

54

s6

:p2058-66

Williaus, J.F., in The Physics of Electrcnic and Atcmic collisions

p139-150, Univ. Kash. press, scattle, Wwasa., 1975

Dixon, A.J., llood, S.T. and Keigold, E. o -

Puys. Rev. Letts. 40(1678), p1262

fértel, I.V. and Stell, . i

'J. Phys. B: Atom. H4clec. Fhys. 7(1574), p570-92

Macek, J. and Hertel,‘I;v.

Ge BLYSe D2 Atom. Molec. Ehys. 7(1974), 02173-883

Thomds, L-ﬁ.,-Csandk,_G., Jaylbr, HaoA- and;!ablaqqada, 8.5.
jo Phys. DB: Atom. Holec.“ngs;'7(197&),'p171§433 ’ ‘ o

Flannery, M.R. and HcCann, K.J.
Ja Phys. B: Atome. Molec. Ehys. 8(1975), p1716-33

Bransden, B.H. and Finters, K- .

«J. Puys. B: Atom. dolec: -Bhys.  9(1976), p1115-20

-y

Sgott, T; and'ncnowell, ¥.E.C.

@ ) o



. _J5e— .

. Puys. B: Aton. nolec;"Ehys;.S(TQTBy, p2235 54 f_\'

57 Meneses, 3.D., badial, ¥.T. akd Csanak, G
J. PLys. B3z &tom.rﬂolec, :hys 11{19178), ‘237—&2 -

'S8 Madison, DeH. awd 5ne1ton, A‘..,{ u.'-'.u' e

" Phys. Reve A 7(1973)., p43S-513 - L -

5% King, T.C.P., Williaws, J.F. .and Crowe, AX. -

. -Abstractsuxil,I.C.P.E.A-C 1{1981}, p233 Gatlinburg

6J Nalcolm, I.C. ard HcCobkey, Jad- ‘ S “
‘d. Phys. 3: Ahtom. dclec. rbys. 12(1979), p5711-9

61 McConkey, J.. and Malcolm, I. C. Ccherence and Lorrelatlon in
Atomic Ccllisicus, pld45-66, Plenum Press, 1980

.02*”1 hlmura, ., panjo, A. acd Kcike, Y. :
Abstracts XII'I.C.P.E-A.C. 1(1981), p235% Gatxlnuarq

63 McGregor, I., l 5, e, Hr%pler,‘h., udllx, h -
Williaws, Ji r,, Za ;d;, A.A. ané Kleingoppern, H.
Abstracts XII i.C.P.E.A. C 1(1981), p225S bdtllnaurg

e,
4% partschat, K., 2lum, B., hdnne, Ge.F. and Kessler, J._ L :
AUatqutS XII I.C.P-E.A.C. 111981),.p224 Gatiioburyg Tt

£5 Slevin, J., Fmiuyan, M., hcolgey, J.H:,-Vassi;ev, Gay
. Perter, fl.y. abdé Back, C. ) :
‘hobstracts XII I.C.P.E.Aa.C. 1{19o1), p231 Gatlinourg

obh ZJidi, A.A;, HcGrégor, I. ard Kleinpogrgen, Tu-

© Apstracts XIX I.C.P.Z.A.C. 1(1981), p277 uatllnburq

&7 Slam, K..and-Jakubowicz,.E. ;
S Phys.‘nz Atcm. Mclec. Ehys. 11(1978); p909—25

68 lun, K. Den sty 1atr;x Theory and Ampllcatlons
Plenum-Press, New Yorn, 1981

w, Ko abd Kleinpopren, ‘Ha -~ L
A Rods] chorts ‘2(1979), p205—261

73 Dlua, X. in COnureLCL and Correlaticn in Atomic Colllsxons
p133-44, eds H. Kleinpoppen and J.F. ®illiaus, 91enum Prebs 1980

71 Dassci, fie Wa  and Mchnkey, Jeka ' . ' o
J. Phys., B: Atom. lolec. Ehys. 14(1937), p3777-88

72 Féufilo&; ?-P. ThefﬁﬁyéitéifﬁaéiéidfméoiarizéﬁAEmiééioﬁ -
Consultants! Bureau Entergrises, New York, 1961

72 Dassen, H-W. Master's Thesis
. Univ. of Windsor,-Windsor, Cnt. 1930

7% Hoconkey, J.W. 12th 1.C.P.E.a.C. 1980, Invited Papers, p225-36

. e o s



e

.15

77

78

© J. Physique 36(157%), pi2:t-.

84

eds K. 0d da “and K. Taxdnayaq1, wor_h Hclland Pun-, Amsterdam“

#falcoln, I.L;; Dassen, {la Wa and y] Conney,‘ AN
J. Phys. 3: Atom. Holec. Fhys. 12(1979), p1003-18

.Jdette, a.%. and Cahill, E.

.
/A

S 83

-Phys. Rev. 176(1968), pl8g-

DBaltayan, 2. and hedelec, C'“‘*—L“

‘Lernandez, S.P., Dagdiglidn, DPaJ.-and. Doering, J.P. ‘ -

J. Phys. Dz ‘Atcn. Molec. Ehys. u(1971), p1332-

zaltayan, P. und wedelec, C.

Dunu, Ga.il.

 pays. Rev. Letts. 8(1$62), pe€2-e4 o S

_Hacphersen, #4.T., Simons, J.P., and Zare, H.¥. -

Mel. -Physs 33(1579), p2045-59%

lleidewman, H., van der Water, ~-, van Eck, J. and van

¥oergestel, L., in Electrcuic and atomic COlllblOno, .
eds ¥. O0da and K. Takayanagi, North Hclland, Amste:damh 19380

Kiug, G.C., Adaps, a. and Fead, F-H.
J. Dhys. 33 Atom. Molec. Ehys. 5(1972), L254-7

. - - ' -
J. Aprplied optics ~(1983), in-press
herteél, I.V. and 50SS, Kede. -

Ja IPLyYS. 323 Atom. Mclec. Ehys. 2(1969r, pZBS—

Ciluschilt, J.Ca, Dsten,‘d.u.'and ﬁcCon&ey,-J-H.‘

Can. J. Bhys. 59;1?81), £1893-901

~J. Cnem. Phys. 1983 .in press

-Stone, E'J

ffazli, A.4U. o o
Phys. Rev. A 23(1981),\p2232—u0

and ler, E.C.

"J. Cnene Phys. S€{1972), pl€h&-52

Ny

fralnai, A., HéSterveld,-u.E. and ﬂcConkLy Jed



~256—

~

' YITA AUCICRIS

t

I was born on’October 18, 1955 in Tilturg, the N¥ether—

‘lands. - fy - family came . to Canada in 1S5% and settled in-

.iindsor, uutaflo. After[dféduatinq from_Assumgtidn College
Sclool in 1974, I entered the University of Windsor, where I

obtained an Hon.ou-r:E'-E.S.c in Physics in 1978.‘1 'Durind ny

-

fours years as an undergraduate I was given tie opportunity

to jain resedarci experience -under the” sugervision of Dr.
- o . N - -

JoW. MeConkey, ‘whom I continued on with to cktain a Master's

~degree in Puysics in 1989. I was funded Ly an NSERC Pést-

graduate Scholarship ffomf 1973 to 1982, after which I

rcceivgd a-Jnlversity of WindsgL'Bostgkaduate Scholarship.



	University of Windsor
	Scholarship at UWindsor
	1983

	EXCITATION STUDIES IN THE RARE GASES AND SIMPLE MOLECULES USING A HIGH RESOLUTION ELECTRON SPECTROMETER.
	HENRICUS W. DASSEN
	Recommended Citation


	tmp.1363872243.pdf.t8L34

