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ST]MMARY

This thesLs deectfbes meaÊuTeúenÈe of partfal photo-

lonl.zatfon croÊs-aections for processes leadlng to the fonnAÈlon of

partLcul.ar Lonfc staÈe8. The parttal cfosa-sectfons for nftric

oxfde and carbon nonoxl.de as a functlon of the incLdent wavelength

are presented. the effecte of autolonizatlon 6Èates of the ûeuttal

nolecule on the photoelectron spectra of the gasee moleculAr oxygene

moLecular nLtrogen, carbon monoxide and nfttf.c oxide have been

fnveettgated and the results are dfecuseed along wLth theoretical

consl,derations of the üechanlsüs fnvolved.

The partlal photolonizatfon croas-oecËions have been

measured by recording the photoelectron energy spectra at 58 intervale

fron 6008 to the fÍrst Lonl.zation Potential wLth ao incfdent bean

üesolutlon of 81. The photoeLectron specÈrometer used the retardlng

potentfal technfque and wae of quasl-epherlcel consËruction. It

consigted of tr¡o concentrlc hemf-sphericaL grlds about a ¡upofnÈr' source

of photoelectrons, a plane collectlng grid and a channel-electron-

nrrltiplter aB a detector. The best resolutlon obtainêble frm the

Bpectrometer wae Q.LeV (full wldth at half na:cinr¡n) at an energy of

5eV. the lfght source conelsted of a one.tetre near norn¿l Lncldeace

nonochroûator equlpped with a heliun capflLary discharge lanP. The
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relative area as8ocLated with each elecÈronic st,ate ln a apectrun lra8

neasured and this was combl¡red with the total photoÍonfzaËLon cross-

sectlon data for the gas to produce the partlal photoLonfzEtion croas-

Eectfons for the varfous states at that partlcuLar wavelength.

The parÈLal crosg-sections of carbon monoxfde show the

threshoLds for the 82¡* and A2ll states of C0+, the A2lI contlnuum

havtng a ¡na:rlmum JusÈ above threehold. In the waVelength reglon 5808

to 6O0R structure was obse¡:\¡ed tn the spectra r¿hich has been attrlbuted

to dissociation.

The thresholds of the AIlt and a3E* states of No* are

evÍdent fn the partlal photoionization cross-sectlon curves for ni.trlc

oxide, and phoËoelectron groups corresponding to trangftLo[s to the

XlEt and b3II statea nere resolved in spectra r¡here they were energetf-

cally possible. Unresolved states \tere lncluded fn the analysfe as

comblnations of states. the b3lt and *3X* "tttes contt{buted a!-nost

501z ot the cross-aectfon between 6008 and 7008, thLs value rÍsfng to

a uaxfunrm of 7o% at 7408.

Photoelectton spectra have also been recorded f,or the

gases molecular o:rygen, molecular nitrogen, carbon monoxfde and nltrLc

oxide using an incident beam resoLuUlon of 1.68. these spectfa have

been trecorded at wavelengths corresponding to autoÍonfzatlon r€eon-

ance6 ln the photoúonizatlon cross-sectlon curve of each gas, and

also at neLghbourlng off'-resonance wavelengths. Marked dlfferences
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fn the lntensl.ty dÍstributfon of the vlbratfonal statea have been

obseWed between the oo and off-resonance spectra and between dlfferent

on-resonance spectra. It h¿s been possfbLe to detennirle, at certaÍn

wavelengths, tlte contrfbution by the dffferent vibraÈional states to

the total photolonizâtlon croga-sectLon. In some cases lt has been

possl.ble to conpare the resulte r¡ith theoretl.cal calculaËiotrs of

Franck-Condon factorE and theteby dete¡ml.ne the fnternuclear equfli-

brù¡n disÈance of gome of the autoLonlzatÍon ståtee of the nolecule'
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CHAPTER I

RET'IEÚT 9F PIIOTOTONIZATION PROCEISES

I.1 IntroducELon

lheioteractlonofphotonswlthgases,especl.allylnthe

lonlzation region, Ls l.mport¿nt to the understanding of toplcs euch

as uppel atmospherle aeronomy' astrophysica and pLasna physLcs'

Íhephotolonizatl.onofanatomicormol.ecularsyeteuoccurs

whenaphotoolsabgorbedbythesystencauslnganelectrontobe

eJected, consequeûtly leavÍ-ng the systeú fn an Lonlc state' Since

photofonf.zatiornoccursoveracontlnuousrangeofphotonenergfes

above the ionizaËÍon potential of the system, lnformatfoa can be

obtal.nedaboutthediscreteenergystatesoftheatomlc.orrool.eeular

lon by measuring the cross.eectlon for the phototonfzat,LorL procesg

as a functÍon of the Íncident wavelength'

Ttrephotoionfzatíoncrosõ-sectfonsformanyatoús'anda

few molecules, have been caLculated theorétLcally' These calCulatlons

usual.lyl.nvolvemanyaPPfoxj¡natlons.Cornparleonofthetheoretl'cal

calculatlons lrlth the e)çelÍmentaL meåEurements uakes lt posslble to

dÍstlnguish be&¡een the varlouo approxJrnations "

Durlngthelast'twodecadesthephotoíonlzationofgases

hasbeenexperínrentallystudfedlnsonedet,atl.lhephotoionl'zatfon

cross-secËlons for oaay gases have been ineasured as a fuoctlon of the



2.

incfdenÈ photon wavelength by sarieral Llivestlgators (see revfews by

IüEISSIER 1956, SAI4SON L966, ÌIARR 1967 and SCHOEN 1968). For

molecular gascs there Ls the added complÍcatLon of dLesoclatlve

Lonf¿atloü !ûhlch hag been investl-gated by fdentlfytng the dieeociatfve

products using a mass specÈrometer, (IIITRZELER L957 ' I4IEISSLER 1959 '
cot{Es Lg64, DISELER Lg66-67 and SCIIOEN 1968). Info:c¡oatlon about the

nature of the photolonLzatlon Process has also been galned by

etudying the threshold behavfour of the ctosÊ-seetlon, (MORRISON

L962, VTLI"AREJo 1968) .

The photolonlzatfon of the upPer atmosphere by oolar radlatfon

nakee an Lmportênt contribution to the fornatlon of the lonosphere

(HINTDRESCER 1964), bur altho'trgh total photoionlzatlon cross-f¡ectl'ons

are euffLclent to account for the productfon rates of the electrons

fn the fonosphere, thefr subsequent behaviour can only be predicted

ührough a knor¿lodge of the lnitfal energy dfstribution (ÐAJ,GARNO 1963).

In order to predlct the 1nltl41 energy distributfon of electrons ln

the fonoephere, the dlstributfon of the Photofonlzation cross-sectfon

of a gae a@ng fte Lonic states must be knor¡n. Ttre partial Photo-

lonfzation cfoss-sectlons of a gas are thue defined as ühe cro88-

sectfons cotrespondlng to tïansltl.ons to Paftfcular Lonfc states of

the gas. 4.8 welI as the initlal lonospherlc electron energy

distributfon, the partl.al cross-Bectlons of a gas can be used to

predlct the intensity aad spectral dlstrlbutlon of the fluorescent
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radiatLon emitted when fons 1n an ë<cited state deeay to a Losrer state

(DAIGARNO 1965) 
"

Conversely, boËh the fluorescent decay of enclted lons and

the energy dfstributLon of the eJected electrons are methods by whlch

the partfal photolonfzation cross-sectlons ¡nây be neasured fn the

laboratory. Thus by measuring the opectral disttfbutlon of fluorescent

radl.atf.on Juðge and weissLer (JUDGE 1963, 1965, 1968) have been able

to detemLne the nr¡mber of fone produced 1n the hlgher of the tsro

states fnvolved in the transitfon, and hence the partLal cross-sectlon

for thfe atate.

The measurenent of the enetg'y dietributlon of photoelectrons

(photoelectron opectroscopy), has been used to determlne the relatlve

probablllties fo¡ excfting varÍous elecÈronic and vfbrationat lonlc

srares at 584 I (U.2L ev) for many gade6 (AL-JoÊoü(f 1963 , Lg64, 1965,

BAKER 1968, BERKOITITZ L967, BRtntDLE 1969" COLLTN 1968, 1969, EIAND 1968,

EDQVIST 1969, FROST 1965-1967 , LEMPKA 1968, I.IATALIS 1968-1969, IIAD$IA}I

1966, SPOHR 1967, lluRNËR L962-L966-L967-L968, PRICE 196g). $everat of

these groups bave also exterrded their measurements to a fer¡ other

wavelengÈhs (304 R, 7'36-744 8,, and 1048-1067 8), but Ëhese do nor of

coutse glve any lnfo¡matÍon about the varÍatfon of Èhe relative

probabtlltfes wlth thê energy of the excltlag phoron.

Saneon and Cairns (SAMSOII 1968b) have used a phoËoelectron

SPectrometer to measule the partial photofonlzatlon croas-gectfons



4

for the rare gases Ne, Ar, Kr and Xe from Èhe 2P* ionfzatlon lf¡¡lt

threehoLd to 400 ß. Schoen (Scttoutl 1964) has determlned the paütfal

cross-sectfong f,or three dlatouric molecules (Nz, 0z' CO) at 22

dfscrete waveleogths Ln the reglon 500-700 I by te."uring the energfes

of the photoelectrono. Blake and Can¡er (BLAKE L965-L967) have

obtalnsd partLal photolonizatlon cross-sectÍons at 5 I fntenrale Ln

the continuous wavelength Íaûge from threshold to 600 I for Nz, O2

and H2O by also using photoeLectron spectËoscoPy.

Both nolecular measurementa were uade aÈ relatlvely poor

resolutlou and thus ûay not have obsen¡ed effects due to prelonlzed

Levels which are evfdent ln the total cross-sectlon curves of many

diatonic gases (see SectLon I.7). However, Schoen has reported that

part of the excftatlon of vfbratlonal states nay have been due to

prefonizatfon phenomena, and Blake and Car:ver have aleo reported

anomaloue Étructure fn the spectra of 02 at íncident wavelengths above

680 I whlch they have attrlbuted to '¡fluorèscent autoiotÍzatfonrt.

The obJect of the preÊent work was to obtal.n partfal photo-

fonlzatlon cross-sectlons for the diatonÍc gases nltrfc oxÍde and

carbon nonordde usfng a photoelectror¡ spectrometer of hfgher reEolutfon

and greater sensftivlty than prevlousLy used for deÈennfnatlon of

partí8l cross-sections for ¡nolecules. The photoelecÈron spectrotetet

wa8 also used to lnvestfgate the varlatlon of the electroû energy

spectrun 1n the oeighbourhood of prelonlzed regLons for the gases
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oxygen, nittogene nitrLc oxide and carbon monoxfde'

Í.2 Diato¡ric moleculeg and theÍr spectra.

Ttre absorptiotr of ultra-vfolet 1lght by molecules leade to

a cohsiderably more ComPlex reactlon than does the einflar case for

atoms. For n¡olecules, the interactfon can lead to dlssocLatLon into

neutral or fon fragUents. As welL as being comPeting Proceases, Èhese

¡eactLone are further cornplLcaÈed by ptedlssoclatlon and preÍonfzatfon

(Sectlon Í.7r.

For dlatomlc nolecules two addltfonal modes of freedou

whÍch do not occur for atoms are posslbLer vlz;

a) the atome can vLbrate rel-ative to each other along the Lnter-

nuclear a:<Is, and

b) the molecule can rotate about the axis passl'ng through the

centre of gravfty and perpendicular to the lnternucLear a:ris'

The totaL energy of a dlatomlc molecule conslsts of the

potentLal enerry and kfnetlc energy of tl¡e eLectrone and the nuclel'

PotentiaL energy curves, such ê6 tho8e Shown lfr Fig. L.1, for a

hypothetlcal roolecule BÞ, show the vârÍatfon l¡rlth. laternucleer dLstance

of the effectfve PotenË141 energy of the nucleÍ (1.e. the electronic

energy plue the Coulonb energy of the nuclel'). A8 the t¡¡o atone are

eeparated so that r + o (dlesociatlon) the potentfal energy tends to

a constaût value called the dlssoclatlon energy, Do'

For dfatonl.c molecuLes the potentfaL energy for nany
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electronic states can be represented falrly accurately by the Morse

porenrfal function (IfoRsE 1.929) :

U(r) = ¡ (1 - exp(-8(r-re)))2
e

(1)

r¡here r^ fe the equfllbrir¡n lntetnuclear dlstance and B fs a constant.
e

Ttre curr¡es of Flg. I.1. EIrB examples of thfs Potentfal function.

Gllnore (GItMCIR.E 1965) hae revfewed the potential energy curves of

several dlatonic aolecules, and the curves for soee of the stateE of

uolecular o:rygen glven by hûn are shown in F1g. Í.2.

I.2.1. Resolution of the total efsenfunction.

Ttre Schrödinger equation for a diatonfc molecule can be

vtrltten (HERZBERG 1950) ;

Ivlv+[.¿aJ
¡'
m

+v?
À<

ü, ti- . f;É (n-v)v = o (2)

where
¿2
à?'l(q +

*f, yl , zL are the coordinates of the electton of mass m, and :r5 r Y1 r

zJ ate Ëhe coordinatee of the nuclei of nase Mr. Born and OppenheL¡ner

(BORN L927) have shown that for uost cases V can be resolved as:
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Y = Y" (....x, ,.Y1,:y....). Y.r" ('.. . *J ry, rr,.... (3)

r.¡here Y^ and tV---- are the solutions to the equatloneevr

(4)

aud

* I 
oîn" .'V! (Eer v.) v" = o

1
M.

J
It )+vrvv?

J
8n2-hr (E - EeJ. v

n vrY =Q (s)

(4) represents the Schrödfnger equatfon for the elect,rons noving ln

che fleld of the ftxed nuclef wfth potentfal energy Vu and ss r, the

1nÈernuclear dfstance varlee, V., and therefore the eigenfunctfone

Yu and the eigenvalues Enrr also vary. (5) fs the Schrödlnger

equation for the nuclei novlog under the potential (Vn + E"t) where

V_ fs the Coulonb potential of the nuclef. Born and Oppenhei.uern

have shorün that (2) ís only satlsfled if

I
J àx. âx.JJ ây

2
!r-

J

AY âYvre av AY
e vr âv âvevr+ + +Y v (6)

ây èz àz vr ej J J J

can be neglected. ThÍe inplÍes that Èhe varfatfou of Y" wfÊh r 18

sufficiently olow that Èhe dlfferential ter¡us 1n (6) cau be fgnored,

v1
J
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Thus Ëhe use of (E.l + Vrr) as the potenË1a1 energy for the ¡notion of

the nuclel is Justlfied and equatton (3) Ís valid Ëo the above

approxlmation.

Ttre elgenfunction of a vfbraÈfng rotator can be expressed

ae (scHtFF x95s) 2 '

L.V"Y=-vr r vrY (7)

to a first approximatfon, where Y., fs the vlbratLonal efgenfunccÍon

of a linear osclLlator whlch depends only on the ctrarrge ln r and Yt

1s the rotsËfonaL ef.genfunctlon depending only on the orlentatlon

of the nolecul.e. Thus a good approxination to the total wavefuoctl'on

of e diatmlc molecule fs giveo bY:

V=Y v (8)
e'?' v' r

T.2,2 Resolut the total

llt¡e mlnlnr¡o value of the potentfal eDergy funcÈloa (8"1 * vo)

of a glven stable electronlc state i.e usually consLdered as the

electronÍc energy of the state and is s¡rmbollzed by 8.. If the

vibrat{ooal energy E, and the roÈatíonal energy E, are added to E"r

the total energy, E, of the molecule rnay be wrltten a6

1V
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E=E (e)
e

(12)

,e, 6ex., and oeye are vibrational constants: Bo and D' are roËatfonal

conetents and v and J âre respectively the vibrational and rotaË1onaI

quantum numbers. In general F<<G so thaÈ when consfdering vibratl.onal

transfÈfons F can be neglected.

thus two electronfc aËates rsfth their vil¡ratlonal and

rotatfonaL levele can be shor¡n schematically as in Fig. I.3. The

energy of a pure vibrational transitlon Ís typlcally about 0.1 eV

and a rotaÈfonal transition fs characterlzed by an energy of about

0.001 eV.

+Er+Ev

Thls e{uatlon f.s usuall.y orpressed Ín wave-nunber unfts (the reciprocal

of waveiength Ln "r-1) 
and the qrrantitfes are called tenn values giving,

T=T +G+F (10)
e

Using the model of the vibratlng totator (HERZBERG 1950) '

c = r,r.(rrF*) -o.x"(trFt)2 + o"r"(v+t)3 * .... (11)

and

F = BVJ(J+1-) - D.rJt(J+l) 2+ . ., .
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r12.3 The vibrat ional strîucture of electronfc tran6 ftions.

Foratransitlonbetweentwoelectronlcstatesthewave

nr¡mbers of the spectral Ll'nes are glven by

v = Tt-Ttt = (Teo-T.") + (Ge-Gtu) + (Ft-Frr) (13)

r,vhere t referg to the uPPer state and t' to the l0wer state. since

F<<G, in conslderlng the vlbratlonal structure of the transftions

the laet t,eÏ!t cên be negLected and rotationless tfansftf'ons (pr=Fll'o)

cons:Ldered.

For a gÍven electronic transitlon (T.r-T"") ls conatanÈ

a¡rd (G'-G") ls Èbe only vatLable, 60 that all possible transltLons

between the different vlbratlonal levele of the tqto eLectronlc states

are represented bY

v = (Te'-Te") + o"t (v'**)-r.*ut (vt+å)t*.tut (vt+å)3* " "

o.n'(vn'+å) "'r.*utt (vtt+å) z+uluf"tt (v"+å) 3+ 
' ' ' ' (14)

For electronlc transltions there fs no strict selectlon rule for v

(IIERZBERß 1950) and so each vt can conbÍne wíth each v'r leadlng to a

Large number of bands in the EPectrun. Ilowever, ln photoabsorPtloû aÈ

roon tenperatufe, ln general, only a single vi progressLon (that wfth

v,t-o) need be consfdered. (Fig. I.4 shows a typlcal vt progresslon
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(schematlc)). The fo¡mula for all posstble transftions thus reduces

to

v = (Teo-Te") + to"t (vo{'å)-r"*"t (vt+å)'*"t"t(vt+*)3 ....

(15)

- å."0t * t 
"*a" 

- ä tat"to .. r.

T..2.4 The Franck-Condon PrLnclÞle.

If a transitlon occurs fn a dlaromlc molecule betr¡een the

r¡o0 leve1s of Ëwo electronfc etates whfch have dtfferent equfllbrlun

Lnterîuclear dletancea (ru), the relatLve poel.tlona of the nuclei

uust change during the traneitlon. According to the Franck-Condon

prfncfple (pRÆICK 1925 and CONÐON 1928) such a tranoLtfon fs unLfkely

to occur gfnce electronic transltlone take place eo rapldl'y fn

coøqparieon to the vlbratÍonaL noÈton thaË {rnnediately after Èhe

transltlon the nuclei have nearly the game relatlve pooition and

veloclty as before the ttansitlon. Thus the most probable tranEltfon

Ls the one which is shoìttr by-the verËl.cal l1ne on the dlagram ln

Ffg.I.S¡ i.e. the transltlon ls to the vl.bratlonal ler¡el cLoseet to

tha point of intersectlon of the vertl.cal ltne and the upper Potentlal

cullve.

The lnteneiËy of a band depends on the folLowlng;

L) the probabtllty of the electronLc transitLon



+
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2) the vfbrat'fonal lntensity dlstributlon artd,

3)thepopulatlonofmoleiulesl-nthelnftlaletate.

Thue for absorPüÍon'

ro.,o,,, - ro å* a x Nrrrr v Inr,.,r,'|z

L2.

(16)

(17)

whete Io and lrrrrr,o are the lqcldent and absorbed lnteneities' A:r fs

the absorptlon path lengthr Nrr,r is the populatfon of the lower state'

v is the wave-number of the lncident light and Rrrrr,r ia the nÉrtrfx

eleneut of the electronLc dipole Boment. Thus the probablllty of a

transltÍon betÌreen Èwo states characterLzed by the total efgenfunctlona

Y¡ and V" ls proportLonal to lRo,r.r,,lz, and

Rrr.ro, - Jvgrt gv!¡ dt

¡vhere g fa a vector with conponents ltfå' If Y ls EeParated as fn

(B), and the fûtegrated rotational wavefuncÈ1onà whlch depend only

on angular coordinatea are ignored, then

Y=Y vvïe
(14¡

and g ls resolved into two conPonents

P"P=+lo (le)



where p" depends on the electro¡¡s and Po on the nuclei.

SLncèY*oVvv

13.

(20)

(21)

(22)

\,rr,, ' f% *å* *; *ä vi at + JPo våo v; v" v$ dt

Now po 1s lndependent of the electron coordinaËes and eo the second

tem can be r¿ri.tten

fr" r*
e

dtv!Í ttvY¡v

f$trr Vtt dt r Qreee

tu rrlt
ê

dt
e

and

sfnce electronl.c eigenfunctfons belonglng to different electronLc

etatee aÍe orthogonal, and thua

Rvt I Iuvt Y¡¡ drvv Y r:t vflee dTv e

ae V__ depends only on r.v
The second tern in (22)

\ - f% Vå* Yä dt" fs called the electronfc transLtion

rcrnent, and the Franck-Condon prlnclple rests on the assunption that

$ varies slowly wlth r and can be replaced by {., .t average value



for all the bands. Ttll¡s

Rnn¡,, - 4 /n; vi dr

and

\r.rrr - fY t vt' drrvv 2

L4.

(23)

(z+¡

Ís called the aquare of the otoverLâp 1nÈegraltr, or the Franck-Condon

factor for Ëhe transftlon.

Therefore the most pqobable traneiÈfon ls the one whfcht

corresponds to tvto staÈes whose eigenfunctfone have the naxLnum t'over-

lap". ftre cal.culatÍon of \orr,, values therefore gfves an estfnâte of

the dÍstrlbutfon of lntengity anong the vibratfonal level-s.

Franck-Condon factors have been calculated for uany dfatoulc

noleculeeo usually by enpLoying the lforse potentf,al functfon and lts
wavefunctlons (MORSE 1929) to calculate the overlap lntegral. !Ícre

recently, nr:cnerlcal meËhods have been used to obtaLn oore êccurate

potential. curves and wavefuoctlons (Z\RE L963, SIIARMA L967, GARDNER 1969).

In chapter V of the present work, Franck-Condon faetors have

been calculated, usf.ng a lforee pote¡rËial, for traasltions from pre-

lonlzed sËates to an fonlc state ín molecular oxygen.

I.3 Galculatfon of photolon9ation cross-sectLonË.

Until recently, theoretlcal work on photolonfzation has been



l"fmfted to atons or at the ddst to quasl-atonlc systens such as nf

(BATES 195d) and CÍt* (DALGARI,IO L95Z). The calcuLatlon of photo-

fonLzatlon cioss-bectLons has been revfe¡red by Dltchburn and Opik

(DItCrIBtlRN L96Z), Marr (MARR 1967) and SËe¡¡art (STEÍüART 1967).

I.3.L General consÍderatlons.

t5

a photon leade

the Photo-

the wavelengÈh

crosE-sectÍon

Above the fonízatlon threshold absorptfon of

to a final state whfch Lies in the continurrm, and Èhue

ionizatfon eross-sectlon Ls contfnuousLy varfable with

of the incldenË tight. GeneralLy, the photolonizatlon

ls gfven bys

o(v) = S*r* l*lrl, (25)

where v íe the photon frequency and w* is the 8tatl6tica1 wefghÈ of

the fnÍtial bouad state of the syst,en. n!, fs the dipole length m¡rtrü(

eleoent defintJ by;

l*ïrt2 = I I lfï I"n 
*, u" I'

(26,

where V, and Y, are the ÍnftiaL and final atate wave fwrcti.one of the

systen and rn fs the posftion of the kÈh electron. The lntegratl,on fs

over the configuration space of all the electrons and lncludes gr.m¿tlon

ovet the spln coordlnaÊes. The Y, are, as usual, normallsed to unltyt
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bl¡t the V, beln8 contlnuous are nornalfsed to

fvË("') vf(e) dt - ô(e-ei) (27)

whereefstheklnetlcenergyoft,heelectronl'nthecontlnur:oand6

fs the Dlrac delta functlon" To obtaLn the total crosa-aection the

equaf:lonmustbesrrmedoverallpossfblevaluesoflandmforthe

electroo.

The dipole length natrùr element

RIe = /vi cþot dtv
L

rnayal.sobefornu].atedasthedfpolevelocltyanddipoleacceleratlon

Datrür eLenents resPectlvelY:

(28)

(2e)

(30)

(31)

k)E2
nE*Ï, fq (I

*tr - $, lni tI

z.?
t(

v dtk t

nV) Yrdt

Y

and

v
k

nrt¡ere Lf Z Ls the nuclear charge

Ix'-l
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If the wave functions Y, and Y, are exact, the three forms are e¡râctly

equlvalen[, but ln practÍcê they are dlfferent because they depend on

dfffätent parts of the radfal wavefunctfon. Thue approxLoatfon8 Èo the

wavefunctions trhich are based on one-electron orbffala a¡e 6:(pected to

create dl.fferences, (STEI,IART 1954) and the quallty of agteenent between

cro6e-9ectÍons calculated usfng the three forms Lndicatee the accuracy

of the wavefunctl-ons used (C0OPER L962r '

T.3.2 Approxfmat lons to the tlavefunctÍons.

Forthehydrogenatom'andforafer¡hydrogen-llkel.ons,the

inttial and fínal Etate wavefunctlonE can be obtafned explfcitLy and

hence Èhe rnatrlx elements can be exactly calculated (GoRDoN L929,

BEîÍIE 1957). For non-hydrogen-llke systems the eguatlon for the wave-

functlone requLred 1n the cal.culatfone of phofoioalzat'Lotl ctos6-sectlone

cannot be solved, thus approxfmatlgns to ühe r¡avefunctlons uu¡sË be made'

Most sinple calculaËLonE are based on the cenÈrêl' fteLd

approxLuatfon (BATES 1946) where the electfonB are consldered to move

fn a central potentfal. Other approxinratfone have been devlsed" The

separable wavefunctfon approxÍmatfon asal¡lnes that eaCh elecüron move8

fn a statlonary staËe 1n the field due to the nucleus and the other

electrors, so that the wavefunctlone ean be separated and the approxl-

oaÈfon expressed as a product of one-e!'ectron orbf'tale of the varlous

e]-ectrons

More eoph{etlcated wavefunctl.ons have been obtatned by
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"itbrtog 
f'od the correlatlon between the actlve electron and the other

elect,rons (core pol-arizatÍon) e.g. (BATES L943). The central potentfal

can also be nodffled by uef.lg semi-emptrical nethods, auch a6 the

qua¡¡rum defecr u¡ethod (BuRGESS t-960, PEACIT L962). Thls nethod allor¡e

the radf.aL wavefunctlons for large r to be obtalned wfthout knowledge

of the fom of the potentlal for 8n411 r valuee.

L3.3 Atoroic photoionl'zatlon crggs-eectlong.

Sa¡nson and Marr (SAIÍSON L966, t'fARR 1967) have recently

revLewed atomic photofonfzatLon ctoss-eêcËfons. A nr¡rnber of atonfc

systems have been investÍgated experlnentally and some of the results

agree ¡¡eLl wfth the theoretl.cal values (e.g. heLtt¡n). In Ûêny cases

o<perLrnental data are unavailable and the theoretlcal values musË be

relfed upon'

For rhe rare B¿lses, a3-though detailed gaps stfLL exlst, an

al¡nost compLete picture of the contl.nuum absorptlon of theee gases fa

available. The alkalI elerents have only been studied enperinentalLy

down to L000 I but are belng extended progresslvely below thls wave-

length (SAÌ,{SON 1966).

The crosa-sections of atomic nltrogen, oxygen and hydrogen

are of consíderable l¡¡porËance to ionospheric physlcs (DALCARN0 1963).

Ttrere are måny experi:nenËaL dfffLcultfes ln these meagurenents

because the aËomLc gases must be fírst lsolated fron the ttparentttmole-

cule by dfssociaEfon 1n order to neaaure thelr cross-sectlon. Apptoxl-
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rrste values can be óbËafned 1n the eoft X-tay regl.on by considerlng

the molecnl" to È,e equivalent ÈO two atoms. In thLs I'fAy atomlc cro68-

secttotre haVe been esËLnated fron the molecular data from 0'0L-68 ß

and 200-500 8.

T,3.4 Mol.ecuLar pþotofonlzatlon cross-secÈÍons'

Calculatfons of theoretical ctoes-sectlons for molecules

present much more difftcult problelus tha¡r do calcuLatlons for atomLc

systefûs. The matn difftCulty hae been the lack of accurate one-

eLectron wavefunctlons for bound and free molecular orbitals, except

+
f,or the IIi 1on.

Bares, Opik and Poot,s (BATES 1953) have calculated the phoËo-

lonizaÈlon cross-Eectlor¡ for fff usfng nrnerfcatrly solved electronÍc

rsavefunctl.ons. There are no exPeïimental results for Hl whfch can be

compared wlth these calculatlons.

Dalgarno (DALGIIRNO 1952) has calculated the aPPro:ßf¡8te

photoLonfzation crose-aection for CIIO. The molecule was reduced to a

"quasf-atomictt syoteu by conside¡fng the notLon of the electrons and

protons of the ll atoms i.n the tetrahedral CHO sÈructure to be averagedt

thus givfng a centlal- Potentlal. This nethod gave results ¡¡hlch are

fn reasonable agreement !^rlth the exPerl¡nentaL results of, Cook et al

(COOK 1965) and DÍtchburn (DITCHBURN 1955); see Flg. I.6.

H, has been lnvestigated by two uethods. shLulzu (snllflzu

1,960) represented the orbltal of the eJected elecÈroû by a plane wave
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and assúmed that the nuclei v¡ere fixed at their equitr-lbrfum posl'tioûs'

Irr this way Lhe ratÍo of the coricentratlons of H* and ui produced

from the photon-roolecule reaction lùas det'ermlned, but no abgoluÈe

cross-section values were obtafned'

In a more reflned calcul-atlon, Flannery and OPfk (FT.ANNERY

1965) used Èhe bound staüe wavefuDotlons of lteinbaum (I'IEINBAI'M L933)

and took the fínal scate of nf to consÍst of Èhe lso, Eround electronic

state and a free e!.ectron moving Ín a field which rncorporated an

Lorrlc guadrupole mo,ment contrlbutÍon. Their results agreed very well

with the experluental results of Cook et a1 (C00K 1965) and Slalnfaln

(ltj¡,INrÀIN 1955) . At a photon wavelengrh of 700 r tn" total photo-

fonlzatlon cross-sectíon, representfng the sun of the crose-eecËions

due to 1? vfbratlona!. levels, llas calculatecl to be L1.474 l'fbn'

(llftn = tQ*I8 cnz). The experûnental value fs 10.05 lfbn (c00K 1965)'

More rec¿ntIy Tuctrs,ÏelL (TUCKWELt L969) has calculated the

photolonizatlon cross-sectione for the diatonlc gases N, and O, fron

50 I to tlrreshold" Approx{maLe nethods were used for both the tnftlal

and fir¡al states; s.c.F.*L.c.A"o.-M.O.f¡ wavefunctiOns were uBed for

the Íniria]" etate, and Flannery and Opikrs Uf nodel for the fln¿L

state rr,avefunctions, ftre víbrational eigenstates were fncluded ln the

* self*conslstent-F1eld --. Linear-conbfnaËl.on-of-Atonlc-orbltale *-
l6lecu1ar-Orbltal.
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calcrJlatione by rnakfng use of the Franck-Condon ptfncfple (see Sec. I.

2.4) whLch ¡¿as found to be vaLid to a few Perceût.

The calcul¿ted partial cross-aectlone for the lnr, lno and

3o (see IIERZBERG 1950 for nomenclaÈure of molecular atatee and orblt¡Lg)
g

electrons of l{, and 0, were in falr agreement with the erçerLoental

values of Blake and Carrrer (BIAI(E f967). The values for theory ar¡d

elçerlnent for the total croes-sectfon ale compared 1n Ffg. L.7 f'Ot

Q2, The agreement lùas very good neal threEhold for the transltlon¡

to ol (x2[r, t4rj) an<l uf (e2n,r), falr for the transÍËLon to

nf! <Xzlfl and uncertain due to fusufffclent experlnental data f,or

O! tzl;1. The calculated vaLues for the trênsttÍons Ëo Of ta[n,r, Azno)

were sqmewhat loúver Èhan the experùnenËal values.

The oodel, howeverr was found to be unsatfsfactory for 2ou

and 2o, electrons fn t{, end O' the fallure befng nost probably due to

the form of the flnal Etate wavefunctfon$. It hae been euggested

(ruCrcmll 1969) that the inr¿er electrone Èhat are not ejected nay have

a repulsive effect on the ftee elecËron, therefore dLnlnfshing the

continuub waves in the reglon ¡vhere the lnitfal bound state fr¡actfone

for 2o.. and 2o- are appreciable. This effect would lower the valueeug
of the trangÍtlon lntegrals and hence Èhe cross-section for these

orbitals.

For Ëhe heteronuclear molecule N0, only ttre tlansLtLon to

the ground state of No* lxlf+¡ was lnvestÍgated. An approxl¡¿Ëe
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treatnetit roaå Usad whereby the N0 molecule was replaced by a homo-

nucl,ear inoiecule conposed of trùo atoms whose propertles Ìúere the

ttaverage" of the proPerties of N and 0.

!.4 ïtolecular ionízatlon pot9ntlals.

The fonization potent{als of an atomlc gas are usually

re!-atively easy to meaÊure sfnce Rydberg serles are generally found

whích converge to a li¡nít whfeh cÐilstitutes the "edge" of the fonizatfon

contfnuum. I{owever, ln moLecular EPectra onJ.y a few Rydbefg setfes

have been found.

Another nethod for detemlnl.ng uolecular lonlzatíon potentials

ia by varying the lncfdent photon wavelength and detecting the onset

of ionlzatfon by measurlng the lon curtent. Obeervatloûs of thls oûset

as Ëhe wavel.ength varies afe pronê to difffcuLtLes caused by Eranck-

Condon distrlbutíon effects. ltrere Ls often consLderal¡le clifficulty

in relating the measurement to a partlcular vibtattorral transitton in

the mol,ecule, efnce the ma¡<Lnum in the related Franck-Conclon dÍstrl-

butlon uay occur at a high vlbratlonal level of Èhe uPper sÈate. thuE

ff the equilÍbriu¡n int,ernuclear dlstances of the two electronÍc stateg

are very dífferent Èhere wall be a dlfference betr¡een the '¡vertlcalo'

aad "adfabatlctr fonl.zatÍon potentÍals (see Fig. I.5). Íherefore fn

usÍng the total eross-sectlon method for finding the forrizatlon

pôtentlal the shape of, the curve near threshol-d is of great fmportance'

Eurzel-er and Morrlson (IIIIRZELER 1957) 4ttenPted to finprove the



23.

meaaurenents by takftrg the first derivatlve of the photolonizatfon

cross-säction cuive near lts threshotd and ueing this as the pro-

babtLity dldtributlon ar,rong the vfbratlonal levels. The vertical

LonÍzatfon poÈenü{al couLd then be assocl.ated wfth the peak of the

dfstrfbutfon and the adlabatfc lonlzation PotentÍal wfth the sharp

cutoff Ín the dLstrÍbutÍon. Nevertheless, the most reliabLe values

are obtalned via this nethod wiren Èhe vertlcal- and adfabattc tonizatton

potentLala are nearly the eame.

r.4.1 IonizatLon bv ohotoelecÈron eDectroscoÞv.

More recently, lonLzation potentials have been measured uslng

photoelectron specttoscopye where, for a gÍven Íncfdent photon energyt

the energles of the eJected photoelectrons are aualysed. Provldlng

that, the vibratLorral levele of an lonic state can be resolved

sufffcientLy, the vertfcal and adiabatic Lonfzation potenÈfal8 can

be found readlly to an êccuracy of 0'005 eV. (ÐQVIST 1969)' Flg. I.8

showe an example of the photoelectron sPectrum of molecu[ar oxygen

usLng an fncident beam energy of. 2L.21 eV (584 8) (TSRNER 1968b). The

vlbratlonal levels of the states are clearly resolved fn this spectnrü

and the adiabatlc lonf.zatlon potential can be associated wtth the

vr - 0 level of each 6tate by reference to Ëhe energy scale oÈ the

electrons. Sl¡rilarly tire vertical lonfzatlon potetrtlal can be taken

to be at the vr level ¡¡hÍch has the nanLmr¡m probabllity 1n the dle-

trfbutLon of each electronic state. îhus for Èhe gtound state of



0
+

584 A
2

ANz

^¡
I
t3

I

14
I

l_5

I
l6

I
17

I

r8
I

19

I
12eY

2l 20

Fig. I. B.

lonization EnergY (eV)

Photoelectron spectrum from molecular oxygen

at 5Bh .8 (runl-nn 1968).



24.

Of tX2nr) the adlabatic potentfal ts L2"O7 eV (vr = 0) and the vertícal

lonlzatfon polentlal ls L2.3L eV (v' = 1).

l{ost of the work usfng photoelectron spectroscopy whlch has

been done over the last few years has been fn determining the ionization

potenÈials of mol-ecul-es. Table I.1 sholrs a comparison of adfabatfc

Ícnlzat,ion Potentials for the gases oxygen and nitrogen as obtafned by

several gtoups usíng photoeLectron spectroscoPy.

TABLE l.la

IONIZAÎION POTENTIALS OF O (ev)
2

Ionlc Srare vr (Coll,fn L969) (Vrooo L966) (Turner 1966)

x2fi 0

1

2

3

4

0

1

2

3

4

5

6

7

I

L2.075

L2.3L

L2.54

L2"7s

L2.96

16 .l-1

Lao.23

16.35

L6.47

16 .58

16 .69

16.80

16 .90

17.00

12.08

12.31

L2.54

L2.76

L2 "97

*
(12.07) 12 "08

!2.32
L2.54

L2,73

g

*hiÏu L6.L2

L6,26

L6.37

L6.49

16 .60

1.6,72

16.83

r_6 .93

L7,04
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T/IBLE I.la (cont)

rot{I?aTroN PoTENTIALS 0F O, (eV)

Ionfc stàËe vg (Colli-n 1969> (vroom 1966) (Turner 1966)

bq¡ "
8

17.10

17.19

L7,29

t7.39
L7.49

18 .19

18.33

18.46

18.59

18.71

20.33

20.47

20.60

20.72

20.84

20.95

I
10

11

L2

13

1.7.14

L7.23

17.33

L7.43

18.17

18.33

L8.45

18.58

18.71

20,29

20,4?

20.55

20.67

20.78

20.88
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* lurner 1968b,

ÎA.BLE l.lb (cont)

IONIZATION POTENTIALS FOR N, (eV)

Ionic srare v' (col11n 1969) (Vroom 1966) (lbrner 1966)

x2¡*g 0 L5.61 15.58 L5.59
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TABLE l.Lb (cont)

IONIZATION POTEÌtTIALS FOR N2 (ev¡

IonÍc StaÈe vt (Collin 1969) (Vroon 1966) (nrrner L966)
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2

3

0

I
2

3

4

5

6

0

1

2

3

15.88

l_6.L3

16.39

L6.73

16.96

17.18

L7.40

L7.61

17.81

18.00

18.8L

L9.1L

L9.36

L9.62

L5.91

16.70

L6.93

L7.L6

¡.7 .39

L7.59

L7.79

17.99

18.80

L6.73

L6,96

17 .19

L7.4L

L7.6L

L7.82

18.02

18.78

19.05

¿,2nu

+
uBzz

1.5 Partlal photofonfzation cross-secËlons.

If, l-n a phoÈon-gas reactfon, the energy of the absorbed

photon is sufffcLent, the residual ion nay be left ln any one of a

nt¡mber of final sËates¡ the energy balance being determlned by the

kfnetfc energy of the emLtted electron. For a moJ.ecuLar gas there 1s

the additfonaL conplfcatfon of dlesocLatlve ionlzatfon.
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The Pg4lgl photoJ'onizatLorl croBa-Bectfons of a gae are

defíned (Sec. I.1) as the cross-secÈfons for transLtLons to a Partlcular

Íonfc "[.t" of the gas. Juilge and Í'lelssler (JUÐGE t'963 ' 1968) succeeded

ln dlsþersing the fluorescent radl-atl"on from 02, N2 and c0, and have

calcuJ-ated, from these resuJ.tse the cross-section for the transltl'on

Nz(xld, v"=o)**ltttd, v'=orl) fn the reglon 550-650 ß' Ilowever'

the technlque of uslng fluorescent radfatlon as a ¡neans of detemlnlng

partial croaB-sectlons suffers from ttre dlsadvantage of being experl-

mentally dffflcult owlng to the low llght intensltles' the presenee of

metastablestatee,andËhefnabílltytomeaaurethenumberofl'ous

whlch are formed 1n the ground lonic atace'

Photoelectrofi spectroscopy has been used 4s a means of

detemlnlng partial croes-sectfons by observJ.ng the cornpetltlon between

the varlous electroû grouPs as a funcÈion of t'he fncident photon energy'

The energy of the fÍnal Loníc state ls 1n each case unfquely deterufned

by the dffference betr¡een the lncident Pttoton energy and the eLectron

energy aûd thuo the relative t¡ansiÈion probablltÈ1es to the ionlc

sËates can be determined'

VarlousworkershaverecordedphotoelectronenergysPectra

f,or numerous gases at the l-ncÍdent wavelengthe of 584 R and 736-744 ß

(sec. I.1) but these results do not glve any detalled lnfot¡atfon about

the variatfon of the relatfve transftlon probabll-itÍes, and hence the

partfal cross-sectlons, wlËh the incident photon energy'
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A few groups (VILESOV 1961' SCIIOEN 1964, BLAKE 1967 
"

SA¡ÍS0N 1968b) have extended the measurements to other wavelengÈhs. The

partial photoionization cross-sections for the rare gases Ne, Arr Kr,

and Xe have been meaeurecl by Sanson and Cairns from the 2P* lonlzatÍon

lir¡it to 400 R. The ratÍo of the number of ions produced 1n the ground

zPg state to the number produced ln the excited 2P, state was found Ëo
2'i

be conetanË erith respeet to r¡avelengttr with the values 2.L8, 1.98, L.79t

and 1.60 for l[e, Ar, KËo and Xe respecÈively. they also measured the

partial cross-Bection for the fotmaÈ1on of s elecÈrons Ín Ar, Kr, and

Xe.

Schoen used as a llght aoutce Ëhe emfssion lines from gas

dlscharges to measure tlìe partial cÍoss-aecËlons of, Ar' N, and CO at

,v22 uaveLengttrs. BLake and Can¡er used a hellu¡n eontfnuun light source

and were able to ¡fteasure the partial ctross-sectfons for the gases 0r,

trI, and HrO as a function of the Íncident wavelength frou 584 I to the

threshol-d of the first exclted íonlc state. In Fig. I.9 the partÍal

photoionization cross-sections for N, by Doolfttlo and Schoen (SCHOEN

L968), Vtreissler and Judge (JIIDGE 1968) and Blake and Carver are

compared. I,Ihfle DoollttLe and Schoen¡s results cover s greater range

of waveleugths than those of Blake and Carver, the latterrs contain

more detail in the 640-700 I range. It fs lnterestlng to note that even

though Ðoolittle and Schoen's results are nornalised to the total croas-

sectlons of Sanson and CaÍrns (SAMSON 1964c) and Blake and Carverrs
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are nomalised to the data of Cook et al (COOK 1965), the two totaL

ctroos-section regults are in reagcnable agreement between 600 I and

700 I where Ëhe partíal croeg-sectfons dlffer the mosË, especlally for

Lhe xzE* sround Btate.8-
I.6 AuËoíonlzaËlon.

Excftatlon of an electron other than the uost looseLy bound

one, or sinultaneous excitation of Ërvo electrons, nåy result in a set

of díscrete states which entend above the normal lonizatLon threshold.

Itvo different states of an ator may thus have the same energy, and so

a mÍxíng of the eigenfuncti.ons takes place; 1.e. an oseill-atÍon beËween

the trqo ttstatestr, one of wirfch 1s continuoug. However, once the atom

goes from Èhe dfecrete stête to the contfnuous state lt cannoË return

sÍnce tt will have e¡nitLed an electron and ioniaed, aod thus a

radíationless, transltion takes place from the discrete state to the

contfnuous atate. This process fs celLed autofonizaËl-on; the transftlons

Ínvolved are shotm schematic¿lly tn Fig. I.10.

In the photoÍonÍzation cross.*sectlou thfs effect ls seen ae

a set of eslineso' superLmposed on t,he phouoionfzation continuum. Beutler

(BEIITIER 1935) ldentifÍed menbers of two Rydberg series between the

'rr,r+ lim1ts of argon, krypton and xenon ín thelr respectLve absorptfon

spectra. ftre llnes were very brcad and asymetrical fn shape, trallfng

off towards shorter wavelengËhs. The broadness of these lfnes lndlcated

that the lntermediate autoíonization states had very ehort lifetlmes.
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Flg. I.11 ghotùs an exanüple of these Llnes 1n the absorpt'ion sPectrur of

xenon.

Aconptehensiveanalysisoftheprofilesofaut'oionfzed

absorptíoh llnes has beea gfven by Fano and cooper (FAI'¡O 1961-65) '

they considered the problen of the conffgurat'lon lnteractfon betweeû

a dfecrete BtaËe and an ovcrlaPPfng contí$uun and arrlved at an

expreseion for the overall abeorptlon cross*sectLons

o (u) - o. (fr!ì
2 (31)*ob

whereo"andobtepregentrespectivelythoeePartsofchecontinu¡rm

whichdoanddonotfnteractrgfththediscretestate,and

e = 2(E-Er)/r (32)

E, Ís the unperturbed energy of the dÍscrete state (rePreeented by the

peak of the regonance proflle), E is the photon energy' I ls the half-

wldth of the resonance and q is a parameter called the rrllne-proffle

fnde>r,o and Ls a functlon of the elgenfunctÍons of the tllscrete state and

the continurrm. Ftg . L!2 sholrs proflles for severa!- values of q as a

function of E. A notable feature of these profiles is that the absorp-

tion cross.-sectfon for the interactíon part, goes to zexo ax one point

vlzzg=-ewhfchaccountsfortlìet'ranfsmissfonwlndowswhichwere



I

5¡6 - ¡c5

2,url

n¡9
xEttot{

Plz

12 lt lo

l'
I
€

ts
2
-Eu

oo

-o
FÂto
oa

920', 9!O 9tO 950 960 970

Fig. I.11"

9t o tooo lolo lo20o

W^VELE¡C1X

$o
(Al

Beutlen autoionized ]1nes in xenon

as measured. by HUI'flVIAN 1963 (after SAMSON

1 966)



€

r¡)

€

ñl

o(,

ñt
I

fî
I
ll
cr

s
l

(o
I

æ
I(¡to

(\
(t)
+

5
ñt

q)
+
cr

-\

{

Aut ol oni zed

f or several-

ñt

Iine profiles
values of q.

t¡

ct:

o
il

!
t¡
cr

o

Fig. T.12.

æ



31

obse¡*ed fn the ortglrral specüra (BEUTLER 1935) '

r.6.L Rvdb selies fn autoloní zation.

Ln aboorptlon sÈudies In the vacur¡¡r ultta-vlolet, dlscreÈe

LLrtes éuperJrnpoeed on a contÍnuum and convetglng to a serÍes LÍnlt at

one of the l.onÍc states are often encounterecl. These Rydberg serl"es

carr be treatetl as a set of discrete states which experfence Configuratfon

Ínteraction wiLh the contínuun.

Fano and cooper ehowed that in the interrtal- between successfve

resorìances the sane Ilne shapes occur as for the single discrete level

and single conLinuum. They were able to preclíct the behavÍour of the

resonance.s for a series provided that ttre Rydberg approxloatíon,

(er¡
Ev

hol-ds, where ilo'I i" the quantrrru defect. They also found tt¡at the half,-

w"ídth, fur decreases rapiclly ín proportion to the epacing between the

tresonances, and thus t¡e intensity changes v¡ould remaín unffomly sharp

throughouÈ the serles ln proportfon to their line spacing' Fig' I'11

shr:ws thls effect fn xêrlor!.

1,6,2 Þrperi¡nent41 re6ul"Ës for autofonízation.

The photoionlzatloD cross-sectlons of the fnert gases have

been measured by a nu,rber of workers in the regLons of autofonlzation'

Inargon,krypton,andxenonaserlesofdÍffuseabsorpË1on
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lines are obsen¡ed betrseeg the 2P3 and 2P, edges (BEU1T.ER 1935'
22

IIUFIIIAN l96ga and b, COOK 1965) . ]leasutenefits of the lonÍzation

efficiencies ln thege regíons have shown the value to be 1002

(SÆÍS0N 1966). Madden and Codling (l4AoOnn 1963), uslng the contfnuun

râcfatioo fron a synchrotron, observec the absorption spectra of the

rare gases bel-or,r 600 fr, whicir revealed another range of autoionlzatfon

structure for helLum, neon, argon, krypton and xenon. some of theee

obsenredaut,ofr:nizedleve!.shavebeenldentlftedwithlevelsobÈalned

ln elecÈron-scattering experLments by SLnpson et al (SIMPSoN 1964) '

Sa¡rson (SAÌ,ISON 1963-64) hae usecl the contlnuum provided by a flaeh

tube Èo study these same |eveLs and hls eingularLties are 1n agreeúent

wlth the htgher resoluLícn results of lfadden and codlfng.

Garton et al (GIIRTON 1969) have recently developed a new

coûtinuutr light Eource (B.R.V. source) for use 1n the 100*600 I ruogt'

lüíth this gource they have also nanagerl to observe the autoi'c¡nfzed

absorption resofif*rces in t¡e rare gases below 600 8.

At¡Ëoloûfzatlon stlucture has aleo been obsewed fn rqany

alkali metals and aLkaLi earth otetaLs. one of the n¡ost inüerestfng of

t-hese has been the absorptlon spec¿rum of alumínLrm, where a L1ne-pair

(1932 ,25-Lgi().45 8) has been ldentífiecl as due to auÈofonizatfon

transltions of the eler¡rent Ín the solar sPecÈrr¡m (DEÏ¡IEILER L961) ' The

Laboratory measurenents were made by Selvyn (SE[\IYN L929) and Garton
00

(GARTON 1950) t¡ho identiflecl the ttansltion ae 3s23p2e¿,zPtr....'

3ssp2 2S*. Garton (GARTON 1964) has also used a shock tube ercperLment
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to obtal.n quantltatÍve rûeasure@ents on the doublet by eonparlng the

aLr¡¡íni.rrn ltnes wiÈh the measured lines of caLcfum at 1850 fi.

T..7 Molecular autolonlzation (prefonization).

Mo1ecular autolonfzatlon (usually known as pre-ionfzatlon),

while slnrilar Èo the atonlc case, ís cornpli-cated by the additfonal

proeess of pre-dlssoclaË1on.

The two processes are distlnguished by the products of the

radÍationless Ëransftlon. For predissoclatlon the transltion takes

place lnto either an unstable state or a Etab1e state above the diss-

ocfatlon llnlt and hence the moLecule disfntegrates Ínto atomfc or

mol-ecular fragnrents (tf the ntmrber of atoms Ín the molecule ls greater

than two). In preionlzatlon the end product consLsts of the molecular

lon and an ejected eLectron and is thus dfrectly analogous to the

atonfc case. SÍnce the radletfonless transftl.on in the latter case

must end 1n the ÍonÍc state, the procees of prelonlzatfon is only

observed in tho far ultra-vlolet regÍon of the specËru¡n (<1000 ß).

I.7.1 Selection rules,

As Ln autofonlzaticln, the facË that a dÍscrete level and a

continur¡m of staÈes have the sarire energy does not necessarÍly i:nply that

the discrete level is effected. The radiationLess transttion has a

ftnite probablllty only 1f there 1s uixlng of the v.ravefunctLons of the

states concerned. Thus one must talce .o,ceount of the selectÍon ruLeg

which govern such traneitlor¡s.
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The selection rrrles f,or preionLzatlon were derlved by Kronfg

(KROIIIG 1928) and for pernltted transltfoff¡ are: (HERZBERG 1950)

(1) ÂJ=0 i.e. both states must have the same total

angular momentus.

(2) ÀS=0 i.e. both stat,es must, have ühe same multlpLlclty.

(3) AÂ=0 or tl.

(4) + +.1.ù .', * <+ *, - <.+ -. 1.e. both states must be posl.tlve

or both must be negatfve.

(5) for homonuclear molecules,

s <.}+ ae s <+ se I + EI . Í.e. both states must have the

same nuclear sJ¡IumetrY.

h1¡f1e (1), (4) and (5) are rlgorous, (2) and (3) hold only approxinately,

especíally as (3) le ontry approprfate when À is well defl.ned.

In the l-onlzatfon continur¡m the system ls consfdefed as an

ion pLus an electron and the vectorial suû of the J and I( valued of both

partícJ-es nust be founcl to glve the requfred angular monenttur of the

preionfzing mol-ecule (see äEF¿BERG 1950).

T..7.2 Preionization in totaL absorotion.

Ín L932 Henning (HENNINC L932) observed dÍffuse bands ln the

absorption spectra of carbon díoxfde beË$¡een 750 I ancl 780 B which he

assocÍated t¡íth ptelonLzatlcn. SinlLar bands r¡rere rePorted in molecu1ar

hydrogen by Beutler and Junger (ggUm'nR 1936) in the far ultra-violet

region,
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For wávelengths ÉhobËer than 1000 I prelonlzation is very evLdent Ln

the abgorption datâ of molecular o:(ygen presented by Huffman, Larrabee

and Tanekd (HIJF!1{AIü Ig04), by Cook et al (COOK 1965) and by }fatsunaga

and Watana[e @AISUI\IAGA Lg67). Rydberg serles converging to three

ærcfted st,ates .t ú, (al\r, 42il., and Ulf;) have been ldentffied in Ëhe

reglon 6B0-1000 I as welL as nany vibratlonal progressions. Flg. I.13

shor¡s the photoiontzation cross-section curve for 0, beËween 8OO R

and 900 I Uy U.t"u¡raga and l,latanabe 1n which 5 vibrational progressfone

have been denoted by the letters I, Io, J, N and P. Codling and Madden

(CODLING 1965) have obserîved conplex prelonized bands in 0, fn the

500 R regLon utillzlng the racllaÈ1on fron a synchrotron.

Delow 800 8, Íonlzatlorr contÍnua with superlnposed Rydberg

banês are seen in the photoionlzatfon cross-section curve for nitrogen'

I^Iorley (WORLÊT 1953) iElentifierl Rydberg series converging to the A2lI'
+

state of If* whlctr have also been reported by Tanaka and Ogawa

(TAUAKA L962) and Cook et al (co0K L965) who also observed two

progreeelc¡ns in Ëire region 780 I to ZgO 8" The latter authors also

report dfffuse structure fn the region 650-725 I whlch they attrÍbute

to preionization or preCissociatfon of N, (Hopfield Rydberg bands).

Prelonfzatlon structure can be seen in the photoionfzation

cross-sectfon curve of nitric oxide (COOK 1965¡ I^IATAIIABE L967) between

1000 I and 680 I rvhere Tanaka (TAI{AKå 1942) origlnally J.clentifled

Rydberg series leadfng to three excited eLectronLc staËes of f-lO+
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(these have been reclassffied bi duber (IIuBER 1961)). Cook et al

al_so noted eeveral progres$lons 1n Èhe regfon 700-900 8.

RydbetgseriescoÏlvèrgihgtohfgherelectronícEtatesof

CO+ (n2n arr¿ b2f+) have been reported by Tanaka et â1 (TA1¡6I¡6 1958) '

I'v¡o vlbtatlonal progreeslons were reported by Hennlng (ÉENNING 1932) '

aird also three other progressions by Tanaka. cook et aI (COoK 1965)

report all of Èhese serles ancl progressfons 1n their photoionizatfon

cross-sectlon daÈa.

r.7.3 Preiorrfzat ion ancl tra

TherearefewresultsofphotoelectronsPectrat¡hÍchhave

bee¡r recorded at wavelengths correspondlng to autoionized resonances

fn atoms or moleculeE.

samson and calrns (sAlfsoN 1968b) have recorded photoelectron

spêctra at wavelengths corresponding to reaonances In the total photo-

ionlzatloû crogs-section of Xe and have noted changes in the partlal

cross-.ections for the 2P* ancl 2?1 s:u';tes ât these waveLengt'hs'

Doolittle an<l Schoen (DOOLITÎLE 1965) have observe<l changes ín the

photoelecrËon epecËra of !1, at wavelengrhs of 772 8,,780 I and 790 8.

príce (PRICE L96B) has observecl marked changes ln the víbratlonal

distrfbutlon of the X2IIU state of O| beÈween photoelectrofl spectaa

recorded at 584 I an¿ 744 R. This effect Ín 0, tras also been obsenred

by Collin and Nata].Ís (col,Lr'N 1968). ?r1ce, and Collin and Natal.is'

have aLso obeerved simíl.ai: effects ln the photoelectron spectra of
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NO, C0 and N¿. these results r¡111 be dfscuEsed in more detail 1n

Sec. IV.i.

It ls êgldent that there ls a neêd for a cleÈailed lnvestiga-

tlon of the photoelectron energy EPectrun of the above gases ín regions

of pteionlzatÍoû. In Chapters IV ancl. V of this thesÍs" photoelectron

spectra recorde,J at lilavel-engths corresponddng to preionJ.zed levels in

dfatomic molecules are preaented whlch sho¡v matked changee fron spectra

recorded io tegfons of no prefonfzation. These sPectra hsve been

recarded for the gêses 02, N2, CO and NO.
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CHAPTER II

TIIE PLIOÎOELECTRON SPECÎROMETER

II.1 Introduction,

It ,¡as pofnted out ln Chaptet I that the measurement of the

eneïgy dfstribuLlon of photoelectrons as a funct'Lon of the Íncldent

wavelength was a meËhod by whieh Partfal photoionlzatfon cross-sectíons

of a gas coulri be obtainerl. Since the energy of the final 6tate of

the ion fs detemined to a þ1gh degree of accuracy by the dlfference

between the photon enefgy ancl the photoelectron enerïgs a photoelectron

spectroneter ie â1s0 a very ueeful tool for accurately meaeurfng the

l-onfzatlon potent{aLs of the lonic states of a molecule (see Sec. I.4'1)'

IrlÍth suffÍclent resolutl-ûn the vibratÍonaL l-evels of a molecule can be

resolved by a photoelectron speetrometer, and this provídes a useful

method for deter:mlning the reLatÍve vibratlonaL Ëransltlon probabilltiee

or Fr¿nck-condon factors for the photoionlzaÈion process (TURNER 1966,

BLAKE L969, EDqVTST 1969).

TT.,2 Requirenenqs of, th '

There are three esseûtial- features of any photoelectron energy

artaLyzlng sYsËemr vLz. :

(1) an ionÍzatlon reglon'

(2) a mettiod for collecting the electrons and Êeasuring theLr

energies, end

(3) an elecÈron detecLor.
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I'or the experirnents envlsaged ln thÍs thesfs it was desirable

that the spectrometer should have a resolutLon of at leaet 0.1 eV as

thig ís the order of the separation of the vlbratfonaJ- leveLs of the

diatonic molecules that were to be studled. As weLl, iË was e6sentfal

that the energy scale of the spectrometer should be knoun to sufffcfenÈ

accuracy to enabLe ldentÍficatlon of the lonic states¡ ê8. to 0.1 volts

for anaLysle of the vÍbratlonal Etructure.

Slnce it wae propoeed to use the ltopfieLd hellun contlnuu¡t

with a monochromator, as a tight source, J.mplying a snall lfght flux

for reasonably hlgh bealc resolutlon (eg. f 81, f.t was necessary that

the spectrometer should eoploy a seneLtlve elect,ron cletector íncorpor-

atfng low background noise, and preferably sensltive to sl.ngLe electrons.

Because of tire sensltivfty needed at low llght levelse a compromiEe

betrveen resolution and sensitivlty at some wavelengËhs was also

anticipated.

TT,.3 Cholce of photoelectron sDectÍcrneter.

There are three nain types of photoelectron spectrometer ¡shleh

have been used fn the pasËs-

(1) cyllnr1rfcal retarding potential (eg. SCITOEN 1961r, BI¿KE

L965*67 ¡ anC PITICE L96B)'

(2) nagnetíc or electrostatlc focusing (eg. fdRi{ER l-966-67'

SPOHR L967), and

(3) spherical- retard:i.*g potenÈi¿:-;. (eg" F'ROST 1965, SI\I'ISON 1966b).
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These three types wíLl be consfclered together.wlÈh thefr relevant

advantages and disadvantages.

There are Ëwo experimentâl llü¡itat,ions whÍch êre co¡úron t0 all
types of opectrometer; they are the m¿xi-ur:o gas pressure rthich can be

used and the avalLable fntensfty of the lncident ultravfolet l1ghc.

The eLectron f lux from a coLr¡¡nn of gas ls glven by:

rr =YI (1 - exp(-lar)) (34)
o

where I_ fs the lncident bean lntensity, Y ls the photoÍonfzatlon yield,
o

k Ls ühe absorption coefffcient (ín,^r"-1), and x fs the path length

through the gas. Thus fuleally, the higher the Bas pressure the uote

electrons ühat can be produced, but the naxl"mr¡m pressure al-lotvable ln

the Íonlzatlon reglon Ís Limfted by the mean free path of the eleetronq

whlch must be eufflcfently long Êo all-ow electrons to traveL to the

deÈector without colliding wfth other partícles. This restrÍctÍon

Lír,rfts the pressure fn a spectrometer to t10-2 lorr. Ilot¡ever, ln the

Present, experÍment, the pres6ure Ì¡as even more strfctly ]-fmited by the

detector, a channel electron multiplfer, s¡hich aLlowed a maxlmr¡m

worklng pressure of only 10-3 Torr (Sec. II.4.3).

The maximum bea¡r intensity avaílable fron Ëhe tnonochromator

used in t,he present work was of the order 109 photone/Eec and thus,

for a typlcaL gas at a pressure of 10-3 Torr with k = 500 em-l, Èhe

e
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nr¡¡¡ber of photoelectrons produced per centünetre path length along the

bea¡n fs ¡,106 electrons/sec.

The nr¡nber of electrons detected from the fon-ization regÍon

|s also affected by the angular distribution of the eLectroos if they

aËe not collected over 4n steradians of soLíd angle. thus the danger

in using a cylindricsl or focusing type of sPectrometer is thaË the

measured electron flur depends on the angular dÍstrlbutlons of the

electrons, whích Ln tutn depends on the flnsl staÈes of the ions.

The dfrection of emission of the electrone fs deffned by the

angler, 0 and d as shown ln Fig. II.1. For electrlc dipoLe transftions

the probabfltty of, an eJ.ectton being enitËed 1n a dfrectfon (e,d) Ís

independent of d but depends on 0 accordfng Ëo3

(Sü{þIERFELD 19300 BETHE 1-951¡),

f(o)=A*Bsin2g (35)

where A and B are constants depeudl.ng on C, the electron guantr¡m number.

f\¡o measurerents have been atterirpted on the angular dÍstrLbutLon of

photoelectrons from gases, viz; Berkowitz et al (BERi(oltIÏz L967), and

Vilesov et al (VILESOV L967). Vilesov measured the anguJ.ar distribution

of the toËa1 elecËron flux at 584 8. Berkol¡ltz measured the angular

distrlbutlon of electrons whlctr left the fons ln different statee for

a number of gases, inclrrdJ.îg 0Zr N, and NO, and found ft to be
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sphetically è1,metrfc except for the Ol (X2ng) and NO* lXlft¡ stateg

where thê distrLbutlon tended to favour the 0 = 0o and 0 - 180c

directlons. Thus an angular discrl.nfu¡ating system could gfve mls-

leadlng results for the relatlve transition probablllties of these

states.

For sensftivlty, a systen whlch useê ar¡ electron multlplfer

ls to be preferred, but thLso however, creates difffculty 1n using a

systen wlth cyllndrieal geonetry. A eyllndrica3- system musË also be

col"llnated fn both 0 and d directtons, whfch considerably reduces the

avallable electron flux.

A nagnetfc or electrostatlc analyzer with focusÍng of the

electrons is capable of better resolutÍon (TURIilE8, 1968), but an

analyzer of thls Èype necessariJ.y accepts electrons frorn only a snall

solld angle, i-nplying anguler discrf.uinat,ion.

Aa analyzer of spherical gedretry requires no collinati.on and

fs iodependenÈ of angular dlstríbuËfon effects. Frogt et al (IT{OST

L965) and more recently Samson (SAI,ÍSON 1966b) have used spherically

s]nmetrLc systens wÍth a retardíng potentlal to analyze photoelectron

energies. The É¡pectroneter chosen for the preaent work v¡as baeed on

a nocllflcatlon of the systsû used by Frost (Sanson has adopted a

sÍmflar procedure).

II.4 Constructlon of the epectroüeter.

the photoelectron spectro¡ûeter $¡as of quasl-spherfcal
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constt'uctfon. It coneLsted of two coricentrlc heaoispherfcal grtds

mounüed about arrpol.ntt'source of photoelectrone, wlth a plane grLd

to $pull¡r the electrons into a channel-electron-f,ultipller detector.

II.4.L The analyzing ¡lríd systeÍo.

The spherlcal gtfds vrere formed by cuttfng an approprl.ate

sectfon from a copper henl-sphere of the requfred diameter and replacing

the removed copper wfth a bronze wLre mesh. Ítle mesh coneLsted of

0.0L Lnches diaoeter woven vríre at a spacfng of 20 linee per fnch.

Thls rather coarÊe meah nas i IOZ transparent and was ueed to nafnËafn

spherfeal rlgldfty acroas the openlng. A ffner copper meeh was then

placed over the coarse mesh so Èhat the potential across the surface

of the gricl would be more uniform. The fine mesh was electrofo¡:ned

¡¡esh obtalned from Buckbee and l4ears Company, Mfnnesota¡ U.S.A. lhe

rrlre dfaaeter waa 0.00095 Ínches and was spaced at 70 llnes per Lnch

wlth a transparency of 90%.

The first grid (Gr, Ffa, ÍT.2), had a radlus of, 2t inches and

was kept at earth potentlaL (0 volts) to ensure that photoel.ectrons vrere

fomecl ln a fleld-ftee reglon. Thts grid also had a cone fixed to {t

es ín FÍg. II.2, which ensured that electrons ouËside a 600 cone,

centred on the vertlcal axis, were noÈ scattered into the analyzer,

but reflected to Èhe botto¡n of the spectrometer.

The second spherÍcaL grid (Gr) tlad a radlus of 3 fnches and

rüês uotrnted concentrlc to G, and the eLectron source. The retarding
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poüenti.al h'as applled to this grid, and ln future lt srlll be referred to

as Ëhe I'analyÉlng gridor.

At a distance of i I fncn fron the top of G, was a plane grid,

consisÈing of tungsten úroveû, ¡¡1re mesh (B0Z transparent) mounted on a

copper annulus (GU, l'1e. II.2). Thfs grld sen¡ed as a collecter grf.d

for the electrons and also shielded the anal-yzfng grid frou the

reLaÈlvely high potential (L50 V) on the detector. iì' potentfal of 80 V

was maÍ.utafned oa Gr.

A cylinder of 5 lnches dfaseter and 2 fnches loog wae placed

between G, and GO. Thfs cyllnder was kept at the sanle poËentfal as G,

so that a more unÍform fleLd exfsted in the reglon beÈween the two grtd9.

The entlre grfd system was ffred by four brass rods and two

brass brackets to Ëhe botËom flange of the vacuun chaober. the netal

surfaces of the assenbly v¡ere coated with Aquadag to ninLnfse Ëcattered

ef.ectron8.

ÍT..4.2 The phoÈoelectron soutce.

Ideally, for a spherLcal retardLng potential system, the

photoelectrone should emerge from a poinÈ source eol,ncident wlth the

co¡mor¡ ceûtre of the spheres. Ln practlce a f lntte voh¡oe ûn¡st be

used where the cenÈre of the voh¡me le the concentrlc centre of the

spheres. lhls was achleved by using part of the gas-photon lnteractlon

regfon as the source-vo1ume.

A 1 lnch dlameter brase tube was placed so that lte axls
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paseed through the spherical centre of the grids and l¡as parallel to

the photon bea¡¡. Ít¡us lt was flxed between the monochrolnator adaptor

flange and the llght flux uonltor fLange (Ffg. II.3). A sectl.on of the
t

tube near lts centre vias removed and repS.ace<l with a t 1nctt coPPer

plate. A cone-shaped hole s¡as ¡o¿chlned into thls plate and a sheet of

0.001 lncÌr thÍck brass r/,rlth a 0.5 lnch df.ameter hole was flxed under 1t

as shown 1n Fig. II.3. Ir¡ thls way a hole was produced as close ae

possf.bl.e to Lhe photon beam, which was collfunated by t¡¡o ù inch

circular collLnators 1n the Ëube.

The üarget gas was introduced by means of a ft' fnch hole

drlllecl i.n the roonÍtor flange, to whÍch Èhe electron oource Èube tùag

pemuanently attached (Ffg. II.3).

The photoelectrofi õource thus consisËed of a voLtne defl.ned

by the photon bea¡¡ croes-sectfon, and the dia,neter of the hole ln the

shl¡û brass. The photoelectrons produced at the ceûtre of the spherfcal

systen moved outwards along radfi (1.e. nor:mal to Èhe retaró1ng potential).

An electron producecl away from the centre uoved at ân angle to a radfus

and was retarded by a l,ower voJ.tage. The resolvfng po!üet of the

apectrometer rilas thus Llnited by the relatfve diaoeters of the source

volt¡me elenenÈ and the analyzing sphere. I,IiËh a source volurne dLa,neter

of effecË1vely 0.5 inehes anctr an analyzlng grld of 6 lnches dlaneter,

the resolutfon, defined as AE/E for elecÈrons of energy E, was exPected

to be at besË 0.7"Á, or a spread of 0.035 eV at an energy of 5 eV.
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The source vol-ume detenrlned, in part, the sensj.Ëivíty of the

ÍnstËument. Ùrder typical operating conditlorrs (109 photons/sec, 10-3

TÒrr pressure, and k=500 ct*I)ta vol-ume of 1-cu3 woulcl produce tL06

electrons per seeond. Since the collectfng area llas effectively

reduced to a 600 cone and the total transparency of the grlds htas tu502

the expected nr¡mber of electrons arrivlng at the detector per second

was estln¿rted to be n 105 .

Under operatfon ft was forurd that electrons scattered ftoo

the sides of the tube near the source hoLe contrÍbuted a large low-

energy background to the photoelectron sPectrun. thfs ef,fect rltae

reduced conslderably by the use of an ¡'electron traprtwhÍch ís eholtn

fn Fjg. II.3. The trêp consisted of a plece of hexagonal ah¡rnfnfi¡o

I
honeycomb of â ínch cross.-section and tapered Ln depth as shown. The

honcycornb preeented a nt¡¡nber of channels to electrons rnoving fn the

generâl dlrectloa away frora the gríd. These channel-s acted ae traps

to the electrone by repeatedl-y reflectlng theno from the walls. Tfie

effectÍveness of the trep r'¡ag lncreased by coating the surf,aces with

Aquadag.

II.4.3 The photoel-ectron deËector.

It was mentloned Ín $ec. II.4.2 that the electron productlon

rate was expected to be .tOs/"o", 1.e. a current of 'v10-14 utPr. Since

the direcË ûeasurenent of such a current was difficult, the electrons

had to be detected by some other ne€u¡Bo
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The nost coirvenlent ¡oethod of <letecting sfngle electrons fs

wÍth an electron multfplíer. lhese rnay be caCegorl.zed fn üwo grouPsg

(a) those wlth separate dynodes (i.e. a windowl'ess photo-

nultípl1er) and

(b) those employlng a high resistence strlP âs a contÍnuous

dynode.

The photoelectron spectrometer requfred a nultipJ.ier nrlth the following

characterLstLcs:

(1) sensÍtive to electrons of energy >50 eV,

(2) high gafn wlth good signal--to-nolse ratlo''

(3) electrode surfaces able to wfthstand tepeated exPosure to

the atmosphere,

(4) fast tlne responsee

(5) ûarrorù pulse-helght distributlon,

(6) no pressure dependance of the charge.'rûulttplicatLon factor.

The discrete dynode type of nu1Ëiplfer has a relatfvely poor signal-to-

nofse ratfo, anci also suffers deterforatioo of the cathode and <lynode

naterLal upon repeated exposure to tl¡e aÍr.

The magnerlc eLectron mululpller (GOODRICH 1961), whlch use6

crossed electric and magnetíc fields along two hlgh reslstance dynode

strfps to achleve the charge gain, has a good noise LeveL (O.Usec)

and can be safely ercpoeed to the atuosphere wlthout degradatlon fn

perfornance, but the high Inêgnetic field (tu400 gauss) prevents
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cletectfon of low energy electrons.

Gooclrich aad tllley (GOoDRICII L962') developed a multlpller

conslstlng of a gl-ass Ëube whose inner surface was coáted is-Ith a high

tes{stanee naÈerLal. This devLce has been developecl concnercÍally

ancl is koown as a rechanne]" electron multiplÍer'n or CBM. In generalt

a CEM 1s a snall curved glass tube whose inner wa1l is coated wlth a

hlgtr reslstance materiaL, usually vanadfum or lead. A potentíal fs

applied between the ende of the tube, thus causing the reslstance

strf.p to become a contfnuous rlynode, analagous to the separate dynodes

of the conventlonal electron uultiplLer.

iÍhen an electron enters the low potentiaL end of a CEt"f it

generates secondary electrons on colllsion with the wal-L of the tube.

these are accelerated along the tube unËiL they strlke the wall again,

generating further secondary electrons. This avalanching process

produces a large nr¡mber of eLectrons at Ëhe high potentiaL eod of the

CElf, so that the flnal pulse of charge uay contaln uP to 108 electrons

and have a duratfon of up to 1Q''8 secs. Thus the gain of a CEM is

approx{n¡ately 108.

.fhe tube 1s curved to prevent Íonlc feedback by resldual

gas {ons, forued at Ëhe output end, fron drifÈlng back to the fnput

encl. If the tube ls curvecl, these ic¡ns strike the ç¡ell of the tube

before they have acqulred sufflclent energy to release secondary

electrons. T-hus ühe output of a curved GEM ts lndependent of the
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sùrroundLng preesufe, ptovf-cled Lt is less than 5x10-h Torr. Above thls

pressure, the background nolËe, whlch ls about I pulse per secoûd¡ Í¡aY

fdcrease. 'fhis type of cletector, then r ueets requirenents I to 5 and

also 6 provfcllng Èhat the pressure l1úit 1s not exceeded.

The detect,or choseÍr lras a Mullard channel electron nultlplfer -

type B4l9tsL (type B318BL was usad for soue of the earl.fer resul'Ès and

has alnost ldentfcaL electrical characterlstlcs, the only difference

betng in the lnPut cone atea).

Tne characterÍstlcs of the B419BL are llsted in iable II.1.

TABLE II.1

CharacterfstÍcs of Mul lard CEM - B419BL

I,f¿xfmr¡o Operatíng Voltage

No¡nfnal Resistanee

Gaín

Nolse (e 2.5 kv)

Fulse lleight Dfst¡ibutlon Resolutíon

(@ foe gain and 1000 P.P.s.)

ÞÍínlnrm effective cone diameter

3,5 kV

5x109 otm

1.1x108 G 2.5 kv

2.0 Brp.Eir

0.6

9m

Flg"II.4 shows a scheuatic diagram of the detector wfth the

gaLn-vol,tage eharacteristl.cs¡ the fl-ared ÍnpuË fncreased the ef,fective

area presented to fncoming electrons from less thsn I m2 to about
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3

Flg. II. l¡. ' Mullard channel electron mu1t1p1ler',
model 841 9gL. Dimensions are Ín mm.
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64 mP. Ilowever, because of the snall aperture of the detector,

conpared ¡u'lth the area of the coLlectlng grid (G3), f.e. 64 m2 to

^6400 m2, the lnput end of the CElt r.ras maLntalned at a potentfal of

150 V ln order to 'rfocusr¡ electrons to ft, and to gfve the electrons

euff,iclent enef,gy for direct detectfon, The output fron the detector

¡sas AC couplecl to a llnear pulse aorplffler (Franklin, nodel 358)

whose lnbui.lt dfscrLûinator had a pulse output conpatlble lllth the

fnput to the 400 channel analyzer, (see Sec. IL5).

The detector tras mounted by means of a sn¡all teflon clarrp

(Fig. II.2) to the centre of a 5å lnch dÍameter brasE dÍsc so that fts

flared end emerged through a gmall. hole fn the centre of the dÍec.

Íh1e dlsc was rnal.ntained at the same potential as G, and eenred the

purpose of shielding the high voltage end (3 kV) of the CB'f from the

lotø energy eleetroos. Tt¡e disc ¡¡as mounted uefng teflon lnsulatorE

connect,ed to thro brass EnppoËts r,¡hfch were ln turn fùred to the upper

flange of the vac¡¡um chamber.

TT..4.4 The vacur¡m chamber.

The vacuun tank was constructed of 6 fnch diameter copper

tubing and 1s drawn schematlcally 1n Flg. II.5 ancl ehown photo-

graphlcally ln Fig. II.6.

The grids and detector were supportecl from the botton and

top flanges respectlvely of the n"ein vacutrm cha¡rber, whfle the electron

source tube wae fixed to the beam monÍtor flange, ite other end ftttlng
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a8¡oovefntheflangewhfchroatedthesyst,emtothemonochronator.

Theltghtf!.r¡c,dasmonitoredbyuaÍngasodlumsallcyl.ate

coatedper6PeJßplateandaphotonulttplfer.ThesallcylatecoaËing

sTaE On the vacut¡m eide of the perspex window and acted ast a sravelength

comTerter for the photonrrltlplfer (F18' II'3)'

Electrl.cal connectlons were n¿de Èhrough glass-cover seals

ln the top and bottou flanges of the maln chamber'

ttre¡¡holesystentrâsPu¡nPe<lthrougha4l.nchdl¡netertube

frou a poeftlon near the cletectot, The 4lnch tube r'¡as coonected vÍa

a 6 foch tube aud a valve to a 2 lnch ofl dlffusion PuûP' Tt¡e latter

tube contaLned a llquld n-ttrogen cooled ttap for renovlng condenEable

irnpurltfes.ThedlffuoÍonptrnpwascapableofevacuatln8thechamber

to a pressure of lees than 10-5 îorr'

Thevacuunchanber¡¡aswlnclowl.esstothemonochro,rc4torand

the photon bean entered through the exlt el1t of the l8tter, enabl{ng

a pressure of less than L0-\ Torr to be nalntained ln the nonochrogator

rlth a gas pressure of 10-2 Tort fn the electron source tube' (Ttria

pressure lras measured by recotcling the amot¡nt of ltght at a gfveu

wavelength that ¡sas absorbal by a gas of known cross-sectÍon over the

known length of the tube) " 1:
ltretargetgasenteredthesourcetubethroughaillnch

hole ln the monÍtor fl,ange via a needle valve, whlch was adJusted to

nafntaln a constant pressure ln the chamber' FacflfËLes l¡ere provlded
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foÉ atùachlng an lonLzation vacur¡m gauge and a Pfran{ t}rpe gâuge !o the

chamber¡ The ionÍzatlon Bsuge wae used to set the fnltlal pressure ln

the chomber Ëo n"10-3 Torr, the Pfranl gauge befng used thereafter to

nonÍtor the chanber presaure.

II.5 Tt¡e monochrornat,or.

A near no¡mal incidence, l-ûetre ecanning monochromator lta€

used lrith a Bausch and Lomb repllca grating aB a source of ultravlolet

photons. thls gratirg had a nrltng of 1200 Ilnes pêt nnn ar¡d r¡as blazed

for 1200 8ln ttre flrst order. The dfeperaive pohter wae 8.3 R per m.

Ttre light source employed in these ÐcperLnents conal.eted of

a high-voltage condensed df.echarge fn hel-lu¡r through a water-cooled

qttattcz capfllary tube (Flg. II.7), In the earlLer experf.ments' the

dlscharge r.¡as lnl.tiated by an air-stabllLzed spark acroea tlro tungsten

electrodee, but this rlas later replaced by a nore efficÍent and reliabLe

triggered thytatron clrcuÍt. It was also possible to exclte the hellt¡¡n

resor¡ance lfne at 584 I by uslng the high voltage 1¡ efther A.G. or

D.C. mode through s current lfnftfng reslatance. ttre cfrcults for

obtainLng the various modes of dlscherge âre shown fn Flg. II.8.

The Hopfleld contÍnuuu of helù:m has a ueeful ínteusÍty fn

the warreLength range 600 I to 1000 R and waE obtained wfth about 50

lorr of trellt¡n fn the cap1llary Ëube. Ttre helir¡n contfnutm ueed 1n

the present work ie sho!¡n in Fig. II.9.

tlre Light source was lsolated from the monochtonator by a
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ttro-stage differentfal ptrrrying 6y6tem. The flrst stage tllas pumped by

a mechantcal booster prlnp (Godfrey lßlV4OOlz8) and baekfng pru¡ps wt¡lle

the seconcl stage vras purped by an ol1 boostêr Pu¡up (Dynavac 081500)

and backÍng punp. Thi.e differential punpfng aseenbly +Llo¡¡ed a

naxLmum entrance sltt wiclth of 100u, whlch, wLth the lanP at a

pressure of 50 Torr, kepË the pressure of Èhe nafn etramber of the ruono-

chtror¡r¿rtor at less than 10-4 Tort.

II.6 Ope¡:lrtloln gf the spectro$eter.

The spectroüeter was operated in a digital- ¡¡t¿tnner as thle

wáa more appropríate to sfngle electron countl.ng than an analog method.

II.6.1 Tt¡e grld voltqges.

The first spherLcal grfd (Gr) was oefntained at earth

potenÈLal- tc ensure that electrons were formed 1n a fleld free regl.on.

îhe retardfng potential, Vo, was applled to the analyzLog grfd (Gr),

and the range covered by this voltage srxeep could be varfed from about

I vol-t Ëo over 60 volts. VR began from a sLlghtly posftfve voltage

(1O.2 volts) so that zero voltage effects cou!.d be obser:tred.

The thlrd grld (Gr) vras supplled w1Èh a posÍtfve potential

to collect aL1 electrons v¡hlch overcame the potentlal barrfer on Grr

thus ensurtrrg that alL these eLectrons ltere acceleraËed Èowards the

deËector. thfs same potentfal was applLed to the detector shfeld, S.

The voltage on the Lnput cone of the CEI'Í was adJusted uutfl

¡uaxfnnm count rate was obtained from the detector, thus ensurtng
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optlnùn effÍciency of the system.

lhe collectlng-vo3.tage characterietlcs of G, were fnvestfgated

by obdenlng the variatlon in the count rate (wfth zero volte on Gr)

whlle the voltage on G, and S was changed. Thfs varÍation fs shown {n

Fig. II.10, and from thLs cun¡e the best operating voLtage for the

collector and the shleld was found to be B0 volts (a higher voltage

nas found to spoil the resolutlon).

The retardfng potentiaL appLied to G, was ln the fom of a

negatlve going stafrcase wlth efther L00, 200" or 400 steps. lhfs

potentÍal was obËalned by anplifyfng the analog output voltage of the

channel ntrnber of a 4OO-charurel pulse hefght analyzer (RIDL model

34-12 B). Thus each step of the stalrcase corresponded Ëo a channel

of the analyzer and as the grld was held at some potentlal by the

stalrcase volcage, the n¡¡tber of electrons deÈected was stored fn the

correspondlng channel of the analyzêr.

II.6.2 Photon beam ¡¡onitor"

In Sec. II"4.4 ít was ehown how the phoÈon beam was nonitored

by uslng a sodium saJ-icylate coated wíndow and a photonultlpller,

!'tg. II.3. The output fro¡ù thl.s photomuJ.tlplfer was nonltored by a

mfcro-rnfcro-nrr¡rns¡sr which had, as an output, facllity, a voltage

proportional to the Lnput current (0- 3V). Thls voltage was converted

to a traln of pulses by an analog-to-dlgital converter, and these

pulses, after having been reduced ln frequency by a dtvfdl¡rg network,
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l¡ere usêd to â<lvance the channel nr:mber of the 400 channel analyzer.

T11us afiy fluetuatÍons ín the lfght lntensity, and hence ln the electron

flt¡x, rarere counteracted by the æount of tine gpeflt ln that channel;

i.e. for cgnstant Preasure, the tfne spent in each channel was

lnversely proportional to the lfght beam fntensÍty.

The c{¡cult for convertlng the voltage to frequer¡cy f.s shown

fn Ff.g. II.lL.

II.6.3 The ÍnÈegral spectru¡¡.

The result of neaguring the electron count rate ss the

retardJ.ng voltage luas changed wlÈh tÍne was a step-Lfke function, each

step corresponrling to ilffferent electfon eretgy groups beitrg atopped

by the retardfng voIËage. This electron stoppfng cune wil,l' be called

an t'fntegral spectru¡n" ln the present erork for reasons that svfLl becme

apparent below. An exampJ-e of an lntegral specËrun for the gae xenon

at a rsavelength of 584 I fu sho$tn 1n Ffg. ÍI Lz. Ttre two stePs in the

spectrîun correepond to the ttÈ - zn2leveLs of Nenon at L3.44 eV and

1,2.08 eV respectively.

II.6.¿r The differentÍal- specËrum.

, In more compLex sPectra it was desirable to obtaln the

derfvatfve of the electron stopplng curver so Ëhet each eLectron

energy gïoup vrâe repreeented by a peak in the "dlfferentiêlr¡ Epectrun.

Prevfously the electron current has been dlfferentlated eleetronfcally

by an R-C network (BLAI(E L967), but due to the dlgttal natute of the
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present experÛDent thls technfque could not be used. Because of the

dlscrete naÈure of the elect,ron "current" the dlfferentl'atfon h¿d to

be carrted out numerlcaIly. îhfs couLd be done on the existtng

lntegral specÈruû by conputer, but aPart fron belng rather expenaive

thfs '.e 
found to be cunbersome, so a flnite-difference technique was

evolved for elecÈronl.cal,ly cllfferentLatlng the sPectra'

ThenegaEivegol.ngstal'rcaeewasmodulatedwlthasquare-

wave having ü\rlce the frequency of the stafrcase and an arnplltude of

,\0.1-0.2 volts. For enample, lf the voltage on the staircasè at any

one tlme waa -v volts, then the reËarding potentl-aI !Ùas (-\¡{{)'1)

volte and (-v-0.1) volte reepectf'vely on each hslf cycle of the square-

ltErvê. on Èhe posltive half of thê squåre-Ítave the electrofls detected

were added into the correspoorJlng channe! and on the negatfve half

they were subtracted from the same channel. In thle manner, the

cllfference between the nuober of eLectrons retardecl by (-v*0'1) volts

and the nr,¡mber retarded by (-v-0.1) volts was stored ln the channel

correapondlng Èo -v volts. fhis methocl of sweeping a voltage '\¡lndor{t'

acrosB the electron enefgy Spectrum enabled the differential spectrln

to be obtained dLrectlY.

A bLock clagram of the electronfc controls used to record

a dlfferentlal spectrum fs sho\ùn ln Ffg. II.13. The detector fnput

of, the 400 channel analyzer had to be blocked whlle changing the mode

of operatlon of the analyzet ftoø addltÍon to subtracËLon (or vlce-
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versa), ln order to prevent spurlous pulaee from being stored fn the

mcinory. To do this, a nonostable of 20 pS duratfon was trfggered

10 US before the atid-subtract change and this pulse was used to gate

the detecËor durÍng a change froro add to subtract mode or fron subtract

to add mode. The circuits fnvolved ln the operatLon of the logic

control are shown fn Fig. II.14. MonosÈables !úere constnrcted by

uslng an fntegraËed circuiU dual ¡rNAllDrr gate (Fafrchlld UL914) t¡1th

two dlecrete conpoûenÈs as the time congtaat e1enent6. fhe add-enable

and subtract-enabl.e waveforms were obtained fron the opposite outPutg

of an fntegraÈed cfrcuft blnary (FaitchtLd Ut923) thus eosurlng that

they were conpletely opposite fn phase. All the wavefor¡ng t¡ere

arup!.ifled to the required voltage levels by conventlonal ûeanÉ. The

vaveforms assocÍate<l wlth the operatfon of the spectrometer are shown

ln Ffg. II.15.

The analog output of the channel or¡mber frou the pulse helght

analyzer (n15mV/400 channel.s) was fed through a poÈentlal dfvider to

the Lnvertlng input of a¡r operatlonaL a,nplifler (Falrchild u4709) whlch

r.¡ag connecte,å to operate as ¿r Ilnear anplifier of constant gaLn' Ffg.

II.16. Tho square-rüave noduLaËfon wag obtalned fton the add-enable

cftcult and fed lnto the non-invertlng lnput of the oPeratLonel

aopllfier (aLso through a Potential Civider). In this slay the nagnl-

tude of both the gtaÍrcase ancl the square-Iüave coul-d be varied

lndependentJ.y. The balance coriÈrol, on the anpLlfler was ueed to seB
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the beglnnlng of the retarding sweep to a sllghtly posftfve voltage

(0.2 volt).

A photo-copy of a recorder trace of the nodulated stâfrcasê

is shown 1n Flg. II.17. It can be geen fron thfs Ëtace that the

staircase hTas automatlcally reseL by the analyzer after each gcant

thus allowlng multfple scans at one wavelength, a faclllty which was

fwalual¡Le for reducfng statfstical fluctuaÈl.ona when the lfght level

was lorû. The voltage on the stal.rcase was found to be repeatable to

better than 0.01 volts over måny scans.

Fig. II.18 shor¿s a photograph of the experinental arrangenenË

for recordlng photoeLectron spectra.

II.6.5 Collectlon of data.

fhe data for each spectrum was collected in trüo ltays; first

a polnt plot of the spectnÍr¡ was obtaÍned on an X-Y plotter f,or use as

a rough copy of the 6pectr:um, and secondly the data rüae put directly

onto punch cards for future use on a CDC 6400 conputer. Thls latter

method proved useful Ln reducing the data to a more usable fom (Sec.

I.l.'l ,2) , The vol-tage scal-e for the spectra was obËafned by reading

the voltage on the analyzíng grid ln boÈh add and subtracË modes for

each spectrun. The voltage rùâs read for at least four points, and the

actual value of each poLnt hras taken to be the mean of the values for

the add and subtract rnodes; i"e. 1f the subtract-üode voltege !üas

read as -3.86 V and the add*node voltage êB -3,76 V then the actual
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voltage for thfs channel trag -3.81 V. The voltagee Ì{ere measured wfth

a dfgiÈdl voltnebel (DYIrIAMCO Model D2) '

rx.7 Performance of the spec troEet,er.

Beforeusl.ngtheepectraÍnanyvüaytodeterminepartlal

Cfoa6-aêctlons of a gas, Gerreral cheracterlstfcs of the spectrometer

a:rel the spectra produced by ft had to be detemlned; namely the

resolutlon of the specÈrometer, the calfbratlon of the energy scale'

the efficl"ency of the spectroûeter at collectlng electrons of differelt

energy, and the shape of peaks produeed ln the epectfâ'

rr.7.1 The atouic trum.

A spectrun of argon taken ar 584 81s shor,¡n fn Flg. II.19,

The square-rüsve ampll.tude was 0.05 v aud Èhe exLt slft of the ülono-

chromator was get at 100 Ue rePtesentlng a beam resoLutl'oo of 0'8 I

(Í.e. 0.03 eV at 584 8). ,¡he resoluÈion ueasured frc¡n thfe sPecËrun

is 1.82 or 0.1 eV ful! width at half naximrra for an electtort energy

of 5.5 eV. This vaLue rras measured on the 2f1 neak and lt must be

noted that t}¡fs resclutioll was obtafoed under the best operatlng

conditlons of the e:rperirnent. lÍany of the spectra recorded !n thle

work r¿ere obtalued under Less fevourable condltlong than tlte above'

due rnainly to the low llght loveLe whfch srfsted l.n the regÍon belot¿

700 B fn the hetir¡n contLnuum, and also sometlßes to str411 values of

the total cross-sectlon.

Ffg. IL.20 shoels a spectrum of xenon at 584 I where the
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2P, ancl 2Pq Levels are compleÈe1y separated.
t2

II.7.2 The +olecular spectrun.

Ffg. TT.ZL s¡ows a speçtrum for nftrogen at 584 I fn whlch

some of the states of the ion appear as broad peaks contafnfng Partfally

resolverl vibratfonal structure. Fron thls sPectrum lt can be seen

thât there wae much more díffículty Ln assocfatlng a peak 1n a nole-

eular spectrurr with fts correspondLng staËe Ln the mol-ecu1e than was

ttre case f,or atomíc sPeetÍa. If a peak r¡tag very D4rrohtr as ln the

ground srat,e of NI <*atå>, it was treaÈed as virtually monoenergetfc'

and r¡as therefore analyze<1 with direct reference to the argon and xenon

spectra.

1o asslst Ln analyzlng the mote comPllcated peaks, argon and

xeïron spectrå were recorded at a number of wavelengthse and these atomlc

spectra were <liv1cled Lnto Èrdo parts. The first l{as a s}mmetrÍcal peakt

marked A, tn Fig. 1I.22, and the second was the remaÍnfng low energy

part, narked A, in Fig. II,22o which was due ¿o electron reflectlon

and secondary emission froo the electrode surfaces. Assuning that the

peak shape depended only on the peak energy' the ratlo of the areas

\ emd A, was neasured with a pl-anlmetsr as a funct,ion of the peak

energy over a range of wavel-engths. the culr/e obtafned Ís shown Ln

Fig. II.23. Thle was ueecl to unfold Èhe more complicated gPectra, bY

obtainÍng Èhe low energy contribution to a peak which was other¡¡ise

Iost uncler the lor.¡er eûergy peaks, PrevÍouely publlshed Epectra sterê
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also rlsed to assÍst the anaJ-yeis of cornplicated spectra.

ÞÍany of the spectra whfch ltere recorded under adverse

conclltfons (i"e, low lighË Levels and/or smal-l total cross-sêcËion)

contalned dat,a with a Consiclerable a:nount of scaÈtetr, even though

recordecl for two or three lrours, and hence many scans of the retarding

potentlal. These spectrâ were obtalned |n a more usable forn for

analysLs, by fittlng the data to a poLynomial function of degree four'

The polyncmÍa1 was fÍÈted to L5 ox 2L polnts at a tlme, dependtng on

the arnount of scatter in the data. The data fittlng process was

carrÍed out on the CDC 6400 cornputer mentioned in Sec' If.6.5. The

resultfng spectra were ploËted by the computer onto a ten inch square

graph, and these plots were used dlrectly for the analysls. F1g. TL24

shor¿s an exampLe of the curve fiËtfng for a speclrum of oxygen recorded

at g47.7 8, using a beara resolution of 1.6 8. The polynouial fn thie

cêae was fitted over L5 pofnts and rtas of degree four'

rr.7 .3 Factors aff the resolutlon.

Several factors oay affect the resolution of a photoelectron

specÈrooeter. There are the experlmental lloftat'lons which are

Lntroduced by the spectfolneter deoign and fts ¡oode of operaÈion, and

also r¡ore fundanental liUits to rhe resolvlng pohrer, which arer to a

certain exÈenË, inclependent of the spectrometer'

Turner (TURNER L96S) and Samson (SAMSOI'I 1969) have dlscussed

the fundanental factors lnvol-ved in the resolvf-ng powet of photo-
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eLectron óPectróureters .

can be caused bY

A spread Ín the energy of a photoelectron

(I) ve.locity of the target molecule'

(2) IinewLdth of the lonizlng flux, and

(3) lifetlnes of excite<l fonLc states'

TheoretLcal conslderatfons of (1) show that the spread 1n energy due

to the therual motfon of the oolecules 1s of the order of 10-2 eV' for

6omegasesifororanple,aphotoelectronfroroN,atroomtenperaËure

hrlth 4n eûergy of 20 e,,/ has an energy spread of o0.01 ev (sAI-fsoN 1969)'

Thfe prob!.e¡o could be reduced by using a molecular beam'

Sanson has measured the llnewfclths of Èhe IIe I 584 R tlne fot

several types of light source (oc glow I'n an uncool'ed and a water-

cool.ed caplllary, aitcooled rnicror¡ave dlscharge, and a lùatef-cooled

condensed spark dlscharge) at various gas pressures. The hal'f-wldÈha

vrere found tp be of the order of 10-3 to 10-2 eV' tbe microwave

cllscharge produclng the sharpest llne. The broadenlng depended

etrongly on the lengths of the dfscharge column, the shorter dlecharge

producing a natrToqler lÍne.

In t}re Pre8enÈ work, the factors mentioned above l,lere out'-

weighecl by less fundamental Llnits to the resolution which vere caueed

by the deefgn and operatlon of the spectrometer. The resolutfon relfed

upon the accurate alígrruent of the spherlcal grids with the polnt

source of electrons. It must also be reneuibered that the point s'ource
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actual-lyconsiste(lofavol.r:meofelectronswhlchinltse].fconÈributed

to the spfead fn the elect'ron energy' The voltage wLdth of the

scannÍng wfodow aloo determfnecl to a large extent the linit to the

resolution.

oneoftheblggestfactorsaffectingt'heresolutl.onwagthe

spacingbetweenthegrldwlresSí.e.thevariatfonofthepotentlalin

Èhespacebetweenthegrldwlresfrorqthepot'enÈíalofthewlres.If,

agrl.dconsfstingofparalleJ.wlresleconeldered,ltcanbeshown

(BuNEMAt{t{1949,8I.4K81.966)thatthepotenEl.alnfdwaybetweentwogrid

r¡iree 1s

-ffiarn(nrld)
(36)

V-V g

whereV-1gËhe!ilire'Potential'Aelsthedifferencefntheffeld

strengtls on êfther side of rhe gr1cl, r is the racrius of the grld wlre

anddisthelrseparatlon.ThegrldsusedlnthepresentsPectrometer

wereofwlremc¡sh,andsot'hepoterrtl.alfluctuatl.onsacfosstheaurface

ofthegridsweresubstantÍal.!.ylessthanforaparallelr,rlregridwlth

thesanedtmensfons.lhustheaboveeguatíonprovi<iesanupperlt¡Ít

to the potentJ-al barrler spread in thls case'

For a paratlel wlre grld of' 20 lLnes per lnch and wl-th wl're

ofdiameter0'01inchesÈhegrldfactor(dl'2rIn(nrld))t90.0092

inches.Ifthegridlsatapoteûtlalof-lOVwlthresPecttothe
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cathode, Ehe anode fs at 80 V, a¡rd both anode and cathode are 1 inch

ftom the gtí<l, then V - Ug = 0.74 V. For the fine mesh used whfch

!üáB of 70 llnes per fnch and of 0.00095 tnch díameter wfre, the grld

factor 1e 0.0051 lnches, giving, for the dlmenslons of Fig. II.2 and

a grld voltage of 10 V, a maxlmum potential varÍaÈfon of V - U* = 0 .24 V.

Ffg. II.25 shows the potentlal variatÍon through a plane grid and the

ideal culn¡e due to a soLLd corrductfng surface.

It was mentfoned in Sec' II.4.1 thêü the lnftial grids were

of 20 llnes per lnch nesh wlth a wire diameter of 0.01 fncheE. The

lmprovement to the resol-vlng power caused by overlayfng theee grlds

wlth the finer electroformed mesh ls shonn in Fig. II.26 whlch ls a

spectrr¡m of argon at 584 8, tecorded wfth the ffne mesh removed. The

doublet rùas not resolved in this spectrum, and the measured energy

epread at half hefght of the comblned peak is 0.4 eV, compared to the

0.L eV obtalned ln Fig. trI.19.

thus the resoluÈfon could be Lnproved by placlng the grld

wfres closer together, but a comPro¡nlse must be reached between the

resolutfon required and the transparency of the grÍds to electrons,

where a hlgh eeneÍtLvity fs requlred.

Another cause of loss of resolutfon le Èhe lnfluence of stray

electric and magaettc ffelds on the elecÈron paths in a spectronèter.

To counterect any euch fíeLds, the outsfde of the SpecÉrometer was

wrapped ln a J.ayer of Netie, and a cyJ.lnder of Conetlc was placed



+

fú

C
o,

o
o-

0

Minimum
Potentia[
Barrier

Flg. l-T.25. Fotentlal barrier in a retard'ing

Potentlal analY:rer'
through a grid wire'
between a Pair of grld' wlres'

e-



2ô
t112pl2

01

ll

d sB4Å

231,56
E Iectron Energy (eV)

7

Flg. LT,26. Photoelectron sT-ectrutit f or ar"gon at
5t)4 R, sh owinE; the ei-f ect on the resoluti t

o f the s1¡ectrometer v¡i bh the fine mesh

grid.s removed.



65.

insfde the specttoüeter and around the analyzLng grid and the

colLectlng grid (see Ffg. II.2). This shielding did not have any

notlceabl-e effects on the resoLutlon of the spectroneter, 8o a palr

of, Helúholtz coils h'ere placecl arouncl the epectrometer as a rûeans of

producfng a cancelLatfon field. By a trlal and error method Lt was

found tl¡at the resolution was slÍghtly lmproved 1f the horizontal

component of the gttêy magnetic field (ru300 mGauss) was cancelled

r¡1th the Hel¡ntroltz eoLls. The result of the cancellation ls shown

fn Fíg . TT.Z7, whlch is a spectrr:u of argon at 774 î, (a) without

any cancellatlon, and (b) wfth the cancellaË1on mentíoned above.

The argon doublet fs better separated ln the latter case.

Moet of the epectra Ln this thesis were recorded uslng a

tesolutlon of 0.15 - 0.20 eV, and although this r.¡as not ae good as

that r,¡hích coul-d be obtained at some wavelengths, it was the best

obtaLnable under the aclverse conclltions (eg. low llght level-s) whlch

were encountered at oaay wavelengths.

lT-,7 .4 Callbrat of the scale.

The energy scale of the sPectra was callbrated using the

posftLon cf the argof¡ and xenon peaks at a variety of waveLengths as

ê standard. The 2P1 and P, levels of, argcn were taken Ëo be at

15.76 eV and 15.94 eV respectively, and the 2t1 afld 2P* levels of

xenon at 12.08 eV antl 13.44 eV reepectlvely (METZGER 1965).

The waveleogth scale of the tronochromator was calLbrated by
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uelng ttre 584 R and 744 ?\ llnes (Ile and Ne respecttvely) whlch were

Ple5eúÈinthehell.umcontífl¡utrgasstandards.lhepeakenergyfor

the states ln argon and xenotr stere meâsured at a nr'¡mber of wavelengthst

and the results were plotteci agaLnst the expected peak energy' Flg' II'

zs,Thellnefnthlsdlagranlsabestflttothedat'apoíntabythe

!-east equ¿rres method, md the broken lfne ls the ideal case' The

curve Lndlceges that the apparent energy scale 1e displaced by about

0.2 eV from the true scale"

The energy scale was Ilnear to at least 0'1 eV peak energy

whfch alLowed conffdence to be placed fn peaks which were measured

at 1o\r energfes.

ÍT.7.5 Electron co l-1ect lnc effic

.oneposslblesoutceoferrorlnthespectral^'asthevariaÈfon

of the elecËron collecElng efficl-ency with the electron energy' The

elecÈron cr¡llect,ing efficiency lüas measured as a functÍoo of electron

energyuslngar8onasagourceofmonoenergetlcelectrons,whoee

energycouldbevarledlrychanglngËhewavelengthofthel.ncídentbeam.

Theratfoofthetota].elecËroncurrentdet'ectedtothe

intensÍty of the transmltted radiatfon (n"/Ia) 1s proportLonal- to the

total photoionÍzatlon cross-sectÍon (k) provl<lecl the gas prossure 1s

suffl.clentlyl.owthatÈherelgnoslgntflcantattenuatÍonofthe

fncident beam (SAl{SoN 1968b) ' thls ratlo was meagured in the wave-

length range 5g4-780 I (f.e. to the 2P, eclge) whlle the pressure wa'
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Ttre ratío lras then dlvlded by the absorptlon
kepr at a consÈant value.

coeffícient gÍvlng

(37)

whereElstheelectronenergy'sothatanydevlationsfromaconstant

value 1n y would glve a measure of the dfscrininaÈion in the electron

co!-lecÈing efffcLency. The value of y was plocted as a functíon of the

energy of the 2p, ekectroo and thls curve fs shown Ln Fig. I'f.29.

There was a elow varfatforr in y over the energy range O'2 - 3'0 eV'

r¡ith the val_ue fLattenfng out above 4.0 ev. rn the regÍon 0 - 0.2 ev

the electron collecÈ1n8 efficfency dlsplayed a sharp Íncrease 8o that

electrons of 0.01 ev were collected about four times as efflcLently ae

1'0eVelectrons.ThusformostoftheelecÈrorrenergyregfonthe

collecting efficlency e¡as Ð constânt value, onlY increaeiug eignlfl-

cantly for elecÈrons of very Low energy'

There &rere several poeelble reasons for thj.s e¡rergy discriuir

nation. Electron collfslonal cross-sectlons wiÈh resldual gases in the

systemcoul<lhavecontributedtotheeffect;Lhecross-aectfonfor

electron-gaslnteractionslsasÈrongfunctlonoftheelectronenergJ¡

(BRoDE 1933). The large contact potentfal ('0.7 vo].ts) betlreen t,he

ah¡minLrnr honeycomb and íts brass envelope 1n the electron trap could

aLso have eaused a discri.mlnatlon favourlng low enetgy electrons' Ttre
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dfscrininatlon dld not occur unless eLectrong of low enelry ltere

actually formed by the photon-gas fnteractLon. Thus the low energy

tall of the argon spect,rum 1n Fig. 1I.19 wae qulËe level, Lndicatfng

thaL Ëhese low energy eLectrona were probabLy formed by scattering

from the grld wlres and hence were not affecEed by the discrininatlon

process. This fact seeroed to lndicate that the problerû orlgLnated

around the source of the electrons and not elsewhere fn the specËro-

meter 
"

The effect that this dlscrfnlnation had on the epectra ls

Lllustratecl 1n Fig. llil.Z7 for argon at 774 R, where the 2P3 and 2P,
2Ë

+
peaks of A' are of about the same nagnltude. Samson and Caitns

(SAIíSON I968b) have shown that the ratlo of ious forued in these two

states 1o a congtant value (i-.98) for electrons wlth energies over

the range 0-6 eV.

Therefore, the spectra needed to be corrected in some caBea

for this energy dfscrirnÍnation, where low energy electrons Itere

pfesent. Ilowever, the correctiolr lttas only an impOrÈant one At very

low energleo.
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CTIAPTER III

PARÍ IAt PBOTOIONIZATION CROSS-SESTIONS

III.l Carbon monoxide.

It was showr¡ ln Chapter II that the phoËoelectron sPectrometer

descrlbed could be used to record photoelectron spectra wíth falrly

¡rell kno¡an characterLstics. The uolecul-ar opectra general-ly contafned

several peake, corresponding to the different LonÍc states of the

molecule. These spectra were aoalyzed to give partfal photofonfzatÍos

ctroas-sections for the productlon of ions in partf.cular statee and

the varlatlon of the partíal cross-aectlons with the Íncident wave-

length \ras studletl by recording spectra o.r*t " range of wavelengths.

III.1"1 C.arbon monoxl{e photoelectlg-n energy spec,tra.

Photoelectron spectra for cârbon monoxlde were recorded at

584 ß ancl ovet the waveLength range 600-860 I at S R fnten¡als. Sfnce

ideutlflcatlon of fhe electronl.c 8tate6 only was needed ln these

spectra soue of the resolutlon was sacrLficed 1n order to obtafn good

statfsËics ln regfons (of the helfuun contfnuun) where the llght

fntensfty was low; the incldeot beam reeolutlon lùas 8 R and the energy

resolutfon was o0.3 eV for noEt of Èhe spectra. The carbon Donoxl.de

¡¡as obtained fron AUSTRALIAN LIQUID AIR LTD. and was used wlthout

further puriffcatlon. ltre photoelectron spectrum from carbon tnonoxide



70.

obtaLaed ar 5g4 ß is sho!ün ln Flg. III.I and uay be cornpared wlth the

slnllar spectrum of carbon monoxide due to Turner and lrlay (n¡RlfER

1966), ehorm 1n the lnset of Fig' III'1' The latter result wae

obtafned uslng a 180o ûa8netlc-f1eld electron velocity atalyzex'

whoee resolution Iùaa conslclerably better than that of the Preôent ¡vork'

III.1.2 ldentlflcPtion of the fonLc Etates'

EachpeakÍnaspectrr¡mcoul.dbeldentlfiedt'íthoneofthe

gtates of the molecular ron, excepting spectra belor'¡ 605 I whlctr

ehowed a peak cotrespofidiag to an apPearance Potentlal of "20'7 "V'

TtråspeakwasthoughttolreassoclatedwlththephenomenonofdÍeso-

cíatlve I'onLzation by a process llke:

co(xlC) + n.rx+1zP) + o(3P) + e-

t{eieeler et al (IIEISSLER 1959) reported the appearanqe potentlal of

c+ (2p) ae 22,3 t0.4 eV. A sfu¡ilar process ts thought to erplafo

the peak at 20.7 eV obserVecl in these apecttra. The dtfferent Procegges

wtrich lead to fonízatfon of carbon nonoxide are stmarlsed 1n Table

III.1. Thetre fs good agreemenÈ between the present results and

prevfousvaluesforthe.appearancepotentlalsofËhethreeelectronlc

Btates of Co*.

The photoel,ectrof¡ spectrtu 5S4 ß showed that the X2[* etate

hacl a wldth co,nparable to the reeolutlon of the instrtment, Lndicatlng
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TASLE III.I

noxfde Pho is fon cess

that only the vr-o LeveL of tt¡1s staËe wae PreseDt wlth any efgnffl'cant

Lntenslty. Both the A2ll and the B2X* scates contained partlally

resolved vlbratlonal- êtructure. The photoelectron sPectrurr of the

Lsoelectronfc molecule nitrogen, recorded at 584 r, ¿" shown ln

Fi8.Íl',z:-.Thecloeeresemblanceofthlsepectruetothatofcarbon

uonoxLde can be seen, aparË from the peak whlch has been attflbuted t0

dl.ssocfatLon 1n the lâtt'er.

Ff'g. III.2 shows ghotoel'ectron spectra recotded at 625, 640,

675 anrl 730 g. Ar 625 g there are Ëhree rnaln peaks r¡hlch cen be

attrfbuted to Ehe three electronic gtaÈes as Éhown, r¡hile the

Appearance Potentl'al (eV)

Present
Work

Spectro*
ecoplc(a)

COTLIN
1969

TURNSR,

L966

Process

1.4.0

16.5

19.7

14.0L3

16.536

t9.674

14.01

16.55

L9.69

14.00

16.54

19.65

co(xh+) + h\,">

co+1xzl+¡ + e-

gp+642n¡ + e-

co+(nz¿+) + e-

(a) IANAr(A Lg42, TAKAIyITNE 1943u LTITDIIoLM 1954a'



82=* Jt'=.
J*t=*

o co* o¿o Å+
c0 625 A

lfn Ifn

0 123t,56
01 231,567

co* ozs Å

0123t,

ELE CT RO N ENERGY (CV)

2.

5

ELECTRO N

.ol2zt'
ENERGY (eV)

J-

¡ttÍ
co'z¡o Å

'2t
X>

J

Fig.III.2. 1 hotoelectron sPectra f9" C0 at

625, 6L¡O, 675, ¡rnt-t 'i JO f '



72.

6tructure between Èhe X2Et and A2II states, and between the A2ll and

B2E* states has been attributecl to enhancenent of the hlgher vLbratlonal

levelE of thr¡ X2E* and t2II states respectively. This effect whlch has

beeß attributed to preLonization of the molecule, will be díscussed

further fn Sec. I1I.1.5 and fn Chapter IV. For the deternrlnation of

the partÍal photofonfzatfon cross-sectlons for the eLectronic statest

this tranomalous" structure was included as part of the approprfate

electronic state. The spectrum at 730 I ghows only a few of the

vibratfonal levels of the A2il state as well as the X2E* state.

III.1.3 Unfoldfng the epectra.

In order Èo obtafn the relâtfve transltfon probablLities

for each of the states fro$ the phoÈoelectron energy EPectra, the

area assoclated wl.th each state in the sPectruo had to be detemfned.

This wae done with the help of the argon and xenon BPectre,

aacl the UAZ versua peak eoerry curve of Flg. II.23. The spectra

were uufolded by the folIowlng procedure. The most energetfc peak

was completed to foru a s),oretrical thape, unless 1t was obvLously

noÈ s)r¡Dnetrical, and the area (Ar) contalned by this shape was

measured wlth a planimeter, The area of the low energy ta1L, whfch

r+ae lost under Èhe less energetlc peaks, iras then found by reference

to the curve shovtn in Fig, 1T.23. Ilte complete area assocLated with

the state T{as then draun in as shoçnr in Fig. III.3. Each guccessfve

peak was treated 1n the saEle r,ùay, the self-consfstêûcy of the
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unfol.dlng process belng lndfcated by the area which rema{ned for the

last peak.

III.1.4 Partlal PhotoÍonizatLon cross-sections for carbon monoxfde.

The number of lons proclueed ln each 6tate was aseumed to

be directly proportLonal to the ê,rea as6ociated wfth that state ln the

gpectrn¡m. Tt¡us the meåBurement of this area allo¡¡ed the percentage

of fcns formed ln a partlcular state to be found. this percentage

was Ceflned as the branchfng ratlo of the state concerned. The

branching raÈioe of carbon monoxide are tabled 1n TABLE III.2 and are

shown as a functÍon of the fncldent wavelength tn Ffg. III.4¡ the

solid lloes are the values glven by Schoen (SCHOEN 1.964). Sehoen

used a retarclfng potential analyzer of cylindrLcal geometry, and

although his results do not eontaln the detafl of the present results

they are in reasonabl-e agre<ment lf the deÈafled structure is

averaged out, The most notfceable dffference fs 1n the B2X* state

where his value fs sIÍghtly Lower than the present one. The branching

ratÍos of the :(28* and the A2II states are relatively const,ant over

the wavelength range consfclered, except, aË the threshoLd for the n2Ef

Ftate where the ratio for thís stâte lncreases at Ëhe expense of the

A2II etate. The raËfo for the A2iI state fnereases slowly fron its
threshold, an effect due to the broad nature of this peak whleh can

be attrfbuted to the Ëraúsition probabíllty dlstrlbution among the

vl.l¡ratf.onaL levels. Thug as the photon energy 1s fncreased f,rom
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TABLE III.2

Branchfns P.atLos for Carl¡on MonoxLde

I{avelength

tÐ (ev) N2Et

Brenehfng natj.os (iä)

A2n B2l*
DfseocfaËion

s84
600
60s
610
615
620
625
630
63s
640
645
650
655
660
665
670
675
680
685
690
695
700
705
710
7L5
720
725
730
735
740
745
750
755

2T,2L
20,66
20.49
20.32
20.L6
20.00
19.84
19.68
L9.52
L9,37

L7.59
L7.46
L7.34
L7.22
17.10
16.98
16.87
16 .75
L6.64
16.53
L6.42

25
39
40
32
33
34
35
!4
39
34
42
37
40
4L
40
45
39
34
39
39
3B
37
42
37
37
40
46
43
58
67
75
81

100

5
5

15
11
L4

9
L2
I

11
7

55
45
46
59
55
57
54
s9
61
66
5B
63
60
59
60
55
6L
66
61
61
62
63
58
63
63
60
54
57
42
33
25
L9

L9.22
19 .07
L8.93
18.78
18.64
18.50
18.37
18.23
18.10
L7.97
!7.84
L7,7L



o
o

.9
rú
É.

o)
C.E
C)
C
rú
t-
co

100

50

0

600

Fig.III.l;..

700 750
650

Wavetengtn t Âl

Branching ratios for tbe various photoionizing processes in co

iL-]1OEN 1964'

a2='Dissociation

@

o
A
Ël

I

B2=*

x2z*
n2n co*



75,

16.5eVmorevibratfonalst'atesbecomeavallabl.eforfonizatÍon,and

60 the relative cross-section for the whole state Íncteases' LdealLy

fn a step-ltke n¿nner.

fheregul.tsshowninFíg.I,II.4werecomblnedwl.ththe

totalphotoÍonizatÍonCfo9S.6eGtloûresultoofCooketal(cooK1965)'

whfch $rere averaged over B I mtervalg to ptoduce an effectlve

resolutlon equlvalent to the present e:Eperl¡¡ent; tbe resul'tÍng partÍal

photoionLzatlon cross-sections ate shown 1n Flg' III'5'

III.L.5 Sreionlzatfon processes"

TheËotalphotolonizatlonresulÈsofCooketal(cooK1965)

for carbon uonoxlde shor,' nruch pretonized sËtucture fn the wavelength

range 600-900 R. this etructure hae been dlvlded J'nto many serl-es and

progreselons,wherethegerlesconvergetoooeoftheexcltedStatesof

the Co* lonl eg. the co(X)+So+(A) anrl co(x)+€o+(B) Rydbetg serles

which cover rhe range 720-820 R and 630-700 R tu"p""tlve1y"

Thephotoe].ectronspectrawhfchhavebeenrecordedl.nthese

feglons often Show trextlatr etructure for the X2t* and A2J¡ states' for

which,ltj.seuggesterl,tlreprel.onl'zaElonstaËesofËhemoleculeâre

responslble. ?Il¡Ls eff,ect has been notxced prevlously (see Sec' r'7'3)'

For fncidenr waveLengths above 760 I the effect of the prel-onfzed

states on the vlbtationaL ciistrfbutlon of the N2E* state vtas

pârtlculalîlynoticeable,arrdt,heseePectrawtllbedlscussedínmore

detall fn the next Chapter'
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For those spectra which sholted vibrational d{strfbuÈlon

a¡romalÍes Lo the 42il state, no attenpt was nade to analyZe the

structure ln more rletail ancl the Etructure ¡ras I'ncluded Ín the partlal

cross-sectÍon analysis as an lntegÍal part of the A2tt state.

III.2 N*tric oxllte.

Nitrlc oxide fe known to be an fnportant constiCueot of

the D, and E reglons of the tonoephere (NICOLET 1965), ancl so a atudy

of the photon Ínteractlooe ltith thfs gas Íe of consLderable lmportâÎce'

III.2.1 The elecÈrordc states
J.

of NO'.

Ttre LonlzatÍon pot,entials or No+ have been a natter of

aome controversy over recent years, eepecfally fn regard to the flrSt

e:ccl.tecl 6tate of the lon. OnJ-y reeently does ft appear th¿t the

energy Levels of the íon have been lnterpreted ufiaûblguouely

(EDQVTST 1969).

TheoretLcally, the lonl.zatlon of NO leadg to electtonic

stat,es whfch can be clagsifted by use of the !Ífgner-I'fltmer rules

(}IERZBERG 1950). Thus the predicted el-ectronlc states of tlO+ are

rE* ("uroval of a ¡l.r¡e electron), r¡*rlE-rta, 3Ef,3a (renrcrval of a

Iirr2p el-ectron) and ln, 3II lreuroval of a IUZP elecÈron)' Tt¡e above

enetgy leve1s have been further classífied lúlth regard to thefr

ef¡ergy by Lefebre-Brion and Moser (IEF'EBRE 1966), who used LCAO-IÍO-SCF

wavefunctLone. they have Llsted the electronlc states in order of

lncreaslng energy a8!
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XIr*, u3f,*, 3A, 3n, 3x-, 1E-, IA and AIII.

However,t,ireerçeri.oenta].datahaspresent'edcllfflcultles

in assigning theee statesn especially the a3f,* state. Spectroscoplc

results(TAI{AKALg42'IIIJBER196r)haveshot¡rraRydbergserles

(a-series) wtrlch converges to an eûergy of L4'22 eIü" but the photo-

elecÈron spectrum of NO+ at 584 R shot{s no stat'e at ühis eoergy'

except for the rather sli-n evldence of c<¡111n aod Nat'al1s (COLLIN

1968a),whlchisoutwelgheclbythehlgherresol.utÍonspectraof

PrÍce(PRICE1968)anc1Ëdqvistetal(EDQVISTl.969).sãñgon(sAI,lsoN

1968a) also finds no evldenco for a state at thÍs eoergy ín spectra

recorde,J at various rsaveS.engths shorter than 834 I (u+.87 ev). Thls

conc].usÍon l.s also eupportecl by the PresenË work (sec. T,I.|.2,2). The

interpretaÈion of the cr-series as a Rydberg seríes !'eadíng to an

exeited electronlc sÈate of No* 1s now thought to be lncorrect by

some groups (S.löCnnn 196S, ËUBER L968) an<l so there lE rather etrong

evl.clence agaiust Ètre exístence of a state 1n No* at 14 '22 eY '

ThenostrecentexampleofaphotoelecÈronspect'rrrmof

rqd iu rhat of Edqvfst et al (EDQyIST 1969). This high resolutfcn

spectl:l¡m(F1g.III.6)strowsalltheelectronlcstatesptedicÈedby

theoryoalthoughtherelat,lveorderoftheenergiesoft,hestaÈealg

sl.iglrtlydlfferenttotl¡epredicteclor<ler.Theclassfficatfcnof

statesgivenbyEdqvlsteta].hasbeenadopteclforthepresentwork.
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Ttre avallabl-e experimental data on the lonfzatlon Potent-
-L

Lels of NO- Ls presented ln Table III.3.

A potengial energy dÍagran of No+, due to Edqvlst et ¿1

1s shoÌrn 1n Flg. III.7. All but the last tl,to Etates llsted ín Table

III.3. Iüere energetlcal-Ly avallabLe fn the Presetrt e:rpêrfment.

TTT.2,2. Nlttlc Photoelectron Soectra

Photoelectfon energy EpecËra were recorded at 584 I an¿

ooo
at 5 Ã lntervals fron 590 Ã to 850 Ã' lhese spectra were obtafned

under the same condl.tfons as the carbon monoxlde sPectra. The nftrlc

oxfde r¡ag obtal,ned from the l,f¡rtheson Co. aûd was used wfthouÈ furthef

purlfLcatlon.

SpecÈra of nl.trLc oxtde at fncl.dent wavelengËhs of 584 t,
OO

645 "A and 705 Ã are shown in Figs. III.$ep. Tt¡ese three sPectta vfere

recorded at a hfghet resolutlon than the rest of the ãPectra wtrfch

were used to deteliline the partLaL photoÍonizatlon croâa-sec.tfons of
t -' 

"'E*,nitrrc oxlde. The 584 l, ,n""a11- (Ftg. rrr.B.) ahows the x'E+,
331+

b II, w À, and A II states of, NO-; the other st'ates are not teecilved and

the posittons of these states have been narked on the df.agram for
oo

compLeteness, The spectra at 645 A and 705 Ã (F1g. III.9.) ghow how

the nr¡mber of etates availabl,e for ionfzatÍon becomes lese as the

wavelength of the Íncident Lfght is increased.
3¡-

For wavelengths above the threehoLd for Èhe a E' state
o

(792 Ã) the photoelectron spectra shorved anomalous Íntenslty



Table III.3.

Nltric Oxlde PhotodÍsinteFration Proeesses

Process

Appearance Potential (eV)

(1) Q) (3) (4) (5) (6) c7) (8) (e) (10) (11)

(1)

(6)

I{ork

9.266

16.55

18.33 18.24 L8,26 L8.24

9.23

L5.4

L6.53

9.24

15.65

L6.52

9.32

t5.72

L6.62

17.18

9.25

15.5

L6.5

9.267

15.649

16.558

16.860

17.585

L7.820
(18.07)

L8.322

20.4L

2L.72

22.s

9.3

L5.7

L6.6

18.3

9,25 9.262

15.68

16 .56

L7.L7

17.31

16.5

L8.25 18.33 L8.3

9.3

15.6 L5.67

16.6

L7.2

17.5

2L.72

23.L

Htr3m, 1961" DBESSLER Lg65, (2) AI-JOBOIIRY Lg64, (3) ÎURNER 1966, (4) VROoM L966, (5) SCEoEN 1965'

BERKor,rrrz 1967, (7, cor.LrN 1968, (g) pRrcE 1968" (9) sA!Í^soN 1968a, (10) EDQvrsr L969, (11) Present
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drstrlbuti.oos anong thè vibratlonal levels of the xrt ground Loníc+

state. Ítrls effect hae been attrfbuted to prelonleation of the

nolecule in the reglon above 790 ß, and as ft only affeeted the XIE*

atatee the partfal ctoss-sections for the electronl"c 6tate6 of NO* are

unchanged. lhLs effect will be dealt wlth fn uore detaíl 1n Chapter

rv.

rrr.2.3, PartLaL Cross-sectfons of Nitrfc Oxide

fire branchlng ratÍos for the etates of N0* could only be

t
obtaLned lndivldually for the X E* states over the entfre f,ül$@r It

3¡-
lras posgLble to Ereasure the branching ratlos for tha a E' state fn the

03o
rangè 750-800 Ä, and for the c II 6tate at wavel'engths of 584 A' 590 A

and 600 R. Tlre conslderable overlapping of the electronic etates (see

Ffg. III.6.) roade Lt J-nposslble at the PÍesent resolution Ëo unfold the

apectra inËo indivldual states¡ excePÈ ae mentloned above' Thus the

branchtng raËíos have been measured for co¡nbinatLons of eeveral states

vrhere thOse states couLd not be resolved' the combinatfons wete as

followg e

I r 3 ¡- 3 3 .3 - -l - I I : 3

x'x*, (.'E*+bII), (w-À+bg [-.+A! E +I/¡a+/lII), cI
l¡- 3+ 3 3 -3- ^l- --1.t('x*, (a-E- + b Il), (w À * be t + Ar x + t¡ a)

I -¡- 3 + 3 3 -3 - "1 --x'8, (a-E-+b II), (w a*bs E +Ar t )

xt¡f, (*'¡o + u3n), (*'a + b'31-)

o
584-675 A

o
680-685 A

o
690-695 A

700-705

7L0"735

o
A

4570-74

7

o I ¡, 3,4Ã xE', (ar
o la 34
A XE', (aE
o l+ 3-¡
A X E', a E-

33
+ b II)r w Â

3+br)
50-795
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Thebranchlngratfosforphotol'onlzatfonofnitrfcoxlde

arePresentedinTablelll.4.,anciareplottedasafunctlonofthe

incldent luavelength ln Fig. III.10. These braochlng ratlos were

comblned wfth the total photolonization cross-sectlon resulte of

cook et al (COOK Lg65), which were averaged over g I *,te¡rale to

produce an effectÍve resolutfon eguivalent to the present experiment'

The partLal photoionfzatlon cross-aectLons for nLtrlc oxl'de are shown

in ELg. III.11' as a fuaction of the lncídent wavelengüh'

Thecrosa-sequionforthegrorrndlonicetateof

'o+(xil+¡ 
ts fairly consËarit over rhe raûge 5g4-750 f, varyln' oûly

betvreen 2 and 3 Mbn. (11{bn = 10-18
3 3-

combfnatlon of states (w A * b¡ X

The cross-sectlon for ttre
11

[- + W 
^ 

+ A II) varles between

2
cn ).

t
+A0

rO

5 and 7 trlbn frou 584 I to tt. threshold of, the A n state (677 A) o and

as the wavelength fncreases furÈher' the cro8s-aectlon Sraduâlly

fal,ls to zero at 73s E, frrdioutlng that the AIII state accounts fot

most of the lonfzatlon ln Ëhese statee when lt, ís energeËfcaLly
3¿- 3

avail_abLe. The cross-eection f,or the (a E- + b II) etates paeses

3o
through a naxLmum Just before the b II ttrreshold at 750 A' whlch te

caused by the dÍsappearance of the hlgher excited ãËate6 (i'e' those

above 1-7 eV). Thfs ma:cimr¡m ls evldent l-n the total croes-sectlon

curi/e, The peak in the total cross-Eectlon near 780 I lE also

reflected 1n the part1aL cross-secÈforr of thê XlEt and a3t* Etutus'

a]-thougtr wÍth the 1or¡ reeolutÍon used thfs ¡naximr¡m cannot be unfquly

attributed to either state. The peak 1s due to preionfzed stn¡cture
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I{aveJ.ength

a
o
A

l¡-x E'ev

Table II.4.

Branc Ilat for ic Oxlde

b

43
42
45

38
40

36
36
4L

Branchlng Ratlos (%)

3 3 3 - I - ,1 .1 3

il r¡A bst- AtE IdA AII cII

34
35
35
47
43
4L
40
48
50
44
46
42
43
47
48
40

39

+3
E

584
590
600
610
615
625
630
635
640
645
650
65s
660
665
670
675
680
685
690
695
700
705
710
7L5
720
725
730
735
740
745
750
75s
760
765
770
775
780
790
795

2L.2L
21.01
20.66
20.32
20.16
19.84
i-9.68
19 "52
L9 "37
L9,22
19.07
18.93
18.78
19.65
18.50
L8.37
18 .23
LB.10
L7.97
LI .84
L7,7L
L7.59

L5
L4
1-3

20
19
L9
L7
16
14
15
L7
14
2L
20
L7
20
16
18
22
2L
18
¿J
23
28
2L
24
z5
27
24
26
43
44
53
47
53
54
62
70

100

I
9
7

33

43

37
44
36
33

40
4L
43

43

42

43

3B
3544

5L
52
46

31
25

1,7.t+6
L7,34
L7,22
L7.10
r.6 .98
L6.87
r.6.75
L6.64
L6 .53
]6"42
16 .31
16.21
r-6,J.0
16.00

5L
ó1
s7
73
76
74

31
29
z8
15
18

0

15.89
15.69
L5.59

57
56
47
53
47
46
38
30
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fn the total cross-Bectlon curve (ß(0r0) series and P3 progressfon),

and Ln Clnpter IV t wíll be showr that transltlons to the a3[*

state are gleatly enhanced by the lntemedLatory ËransfULon to the

preionízed J.evel of uhe molecule.

III.3. Accgracy of tþe Partlal Cross-SectLons

Itre greateEt factor lLmltfng the accuracy of the partLal

photoionízatfon cross-Eectfons was the uncerÈafnty Lnvolved 1n the

unfoldlng of the spectra. This uncertafnty was f.n the deterpfnatton

of the low energy ta1l assocfaËed wlttr each peak in the spectrun"

PartÍaL over-lapplng of peaks fn some spectra, due to the low

resoLutfone prevented an accurate e6tl$¿te of the area aasociated rrfth

each state. In cases llke this the shape of the lndÍvfdual peaks had

Èo be estùnated fron spectra at other wavelengthe where the peake r.rere

better resol"ved.

The area urder a given pealc could be found to en accuraey

of L0Z, but the abeolute error accrmulated durfng Ëhe unfoldÍng of the

spectra. Thie meant that ühe error was gfeater f or peaks of lor,trer

energy6 ËhÍs effect rùas reduced by denanding that the unfoLding should

be erslf-consfetent.

Thus the accuracy of Èhe partÍal cross-sectfons varied

greatly, dependÍng on the peak energy, the peak size, and fts

separatlon from other peaks. The error !ùas estinated to be between 102
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aîd 201l Ln uost caêes, except near the threehold for each state whete

the peak and the peak energy hrere both small, leadlng to a greater

error.
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CIIAPTER IV

PtroToELEcrRoN SPECTROSCoPY AlrD PREIONTZATTpN_ IN_NM'q9EU,
C.ARBON MONOXIDEM

IV.L. IntroductLon

In L964 Schoen (SCHOEN f964) reporüed anonalous strucËurè

ln the photoelectron retardlng potentlat currrea for oolecular oxygen

and carbon monoxide which he attrlbuted to preionfzatfon phenonena

ln those gases. Blake and Carver (BLAKE 1967) also obserîrred stn¡ctute

fn the photoelectron spectra of o:(yge¡¡ for wavelengths longer than
o

680 Ã, r,¡hlch they attrlbuted to a process of "fluorescent auËofonlzatlontt

fnvolvÍng quasl-stable states of the neutral molecule. In this proces6,

a photon is absorbed formfng a super-excfted state fn the neutral

moLecule. In ordlnary preionf.zatlou the molecule would then lordze,

ffurlehing in one of the díscrete lonic states. It Ìras suggested th¿t

la fluorescent autoLonfzatfon, part of Èhe excltatÍon energy ís

dfsslpated in the fom of a photonD or photone, thus producing an

electron of dlffetent energy to that produced by the normal loufzlng

procesE, the process of fluorescent êutolonfzêÈlon ls ehoron

scheoatlcally 1n Fig. IV.1.

the results quoted above r,rere not obtafned at sufficlent

energy resoLutl.on to enable a more detailed anaLysls of the effect.

Ilowever, fn L965 DooLlttle and Schoen (DOOLITTLE 1965) Ínvestigated

the effects of prelonized levels ou the photoelectron spectra of
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hydrogen. lhey recorded retardfng potentÍal curves at úravelengths of
oooo

772 A, 780 A, and 790 A r,¡fth an incideot bean resorutfon of 4 Ã. flre

wavel.ength of 780 L 
"orr""ponded 

to a preLonfzed band in the total
ctoas-eectlon curve for hydrogen, and at thfs wavelength a strong

enhancement of the vt o I level of gå can be seen, (Ffg.fV.2(a)). It
iras êosumed tÏrat tlrÍs enhanceu¡ent uas due to lonlzatfon taking place

via the prelonized leveI. More recentLy (SCHOEI{ 1968) the above

authors have Lnvestlgated the dfff,erence fn the vfbratlonal

dlstributlon of ttre xzfj state of nå at t$ro preLonfzed bands rrtthfn ag

fen angstrons of each other: 77L f, and 765 I (¡.re.Iv.2(b)).

Sone photoelecËron specttoscopists who normally use only
o

584 A lncident radiatlon have reeently taken spectra of several gases

usfng the LLght fron the neon doublet at 736 - 744 E and the argon

r:loublet at 1"048 - 1067 å, to exctre rhe target gas (cotlrN 1968,

PRrcE L969). Both groüps heve found rnarked dffferences ln the

vfbratlonal. distributlon of the X2n, et.te of Ol at lncfdert wave-
OO

lengths of 584 A and 736 - 744 
^. 

The t!¡o results are ehown ln
Ffg.rv.3(a)r(b). For the 5s4 f, spectrun both experimenters report the

ueual ffve vibratlonal levele of the x2il- 
"tute 

r¡hich are normally
E

obeerved 1n the photoelectron spectnn of, o2 at Èhfs rùavelength, and

whose intensíty dletributlon fs in good agreenenÈ $rith the celculated

F-C factoro, but for the spectrum using the neon lighÈ Prfce obse¡rred

uP to 15 víbrational levels and Collfn and Natalfs observed 21 Levels.
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Sinitar effects have also been reported by Ëhese authorg

for ca¡bon monoxide, nitrle oxLde and molecular nlËrogen. For carbon

monoxide, Collln and NaÊalLs reported vibratlonal structure of the

2t ¿ o
X'I+ state of C0+ up to vt = 9 at 736 -.744 Ã, and ln nLtric oxÍde

they oboenred up to vt = 9 of the NfX* etat" of NO* using an argon

light source (COLI.!N 1968a). The 584 E sPect11¡'tr of carboa nonoxLde

revealed onLy the flrst four vlbratÍonai. levels and the 584 i nftrfc

oxide spect11rû showed only up to ve = 4 (c.f. a15o Chapter III of thls

thes!a). The wavelength of 736 - 744 E 
"oot"rponds 

to reglons in the

photofonlzatlon crosa-sectlon curves of 02¡ co and No r¡here prefonlzatlon

'tructure 
is cLearly evident (COOK 1965). Collfn and Natalfs offered

several suggesLfons to explaln the effecËs obsewed 1n 02 and C0' fhey

consldered the fnteractlon Ëf¡¡es for direct photoÍonizatlon and f,of

-15 *rl
preionfzatloo (10-^" 

"." and 10*' aec respectlvely) and fndlcated that

ttre lifetlme of ttre excited molecule nray be of the order of , or gteaÉeÉ

than, the tl¡re for a vibrational notion, so that the Born-Oppenhef'oer

and Frauck-Condon approximatlona no longer hold (see Sec 'T'Z'4') ' Tfrey

have aleo suggested that Èhe apptoxfuatlon of equation (23) of Sec'I'Z'4'

may riot hold for non-resonance phenomena such as photoionLzatLoni i'ç'

that the electronic transition uoment varies wlttr the excess euergy of

the excitfng radiatLon.

Probably the most slgoiflcant feature of the 02 specËrutr

o
at 736 - 74h Ã te the appearance of a second uaxLmum 1n the lntensity
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dletrfbution in the v! = 7 reglon (Fig.IV.3(a) and (b)). Collln and

Natalls have euggested that thls effect lg due to the conbfnatLon of

fiüo sets of F-C dlstributfons, one from the ditect fonizatlon proceast

and the other from the prelonized transftÍon. Thfs nechanism has also

been proposed 1n the preeent work and will be dealt ¡ulth more fully tn

Sec.IV.5.

Príce has proposed a somer,rhat dlfferent fdea to oçlaln

the effects thst he obserî\ted in 020 NO and N2. Although prelonÍzatÍo[

Ls a resonant procese Ln that tl¡e energy of the lncfdent photon muet

be equal to the excÍtation energy of the preíonfzed level' he suggesüs

that even ff the energy of the inciderrt photon is greater than that of

the prelonized level, vfrtusl transÍtions of the lnner el-ectrons nay

stfll occur before the outer elecËron 1s ejected. Thie would result,

acCordlng to Price, 1n a very J.arge fncrease fn the photolonizatlon

crooa-sectÍon of Èhoee vibratlonal ler¡ele of the ionic state rohLch 11e

near the prelonized Levels. T'hls r¡ould arlse because the lnteractÍon of

the preionÍ.zfng bound sÈête v¡avefunctÍon wfth the finaL statê Itave-

functfon 1s vety dependant on the velocfty of the photoeleetronr ancl lp

only J-arge when the photoelectron veLocity ís snall (so that there fs

appreciable tfme for the lnteraction to occur).

The roaln crftÍclsm which can be nade wÍth the above Ëheory

lies ln the fact that the pref.onfzed transLtlons are very üuch a

resonant pfocess, and thus on3.y the prelonized level whose energy
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corresponds exactly to Èhe energy of the tncfdent photou wlU be

e¡(clted r,riËh a gLven monochronatic light souree. Thfg ttresonant"

effect 1n the photoelectrolr spectra w111 be sho$ri 1n the folloøfng

sectlons, where s9ectra recorded at wavelengths corresPondfng to

definlte ptefonfzad lerrels ln CO, NO and 02 8te presented and compared

to spectra recor<led at ¡cavelengths removed by only a few Angetrons

frøn these tesonâûce levelg.

¡ç6a the results clted above, lt fs evLdent that Ëhete Íg

a need for a detalled lnvestlgatlon of the photoelecËroû êPecttlltr iû

regfona of prefonfzation fn gaees as the ercl.stfng data doee not gfve

lnfomation on the photoelectron energy di.st¡it¡utíon ae a functlon of

the incldent wavelength where the total photoionlzatfon ctoss-sectÍon

varies tepfdly. In Sec.IV.z. and fn Chapter V. phoËoel'ectron sPectrs

are prese¡¡ted Írhfch have been recorded aË wavel,eagths colre8Ponding to

prelonized resonances Ln N2, C0¡ N0 and 02'

fil ,2. Plrotoelectlog Spegtra fot PreionÍze4 $tates ,ln Nltrogen'

Carbon Honoxlde and Nítrlc Onlde.

IV.z.1. Nftrogen

The total photofonLzaElou crQs6-sestlon meaaureanente of

nltrogen fndicate positlons of uany eherp peaks (COOK 1965, OGAI'{A L962r,

whlch can be seer¡ ln Flg.W.4. Thig cut:rte shoüts the photoLonfzatfon

coefficLentr lcre as s functiou of ç¡avelength over the wavelength reglon
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72o - 800 Ê (after cooK 1965). rn the present experfment phoro-

electron spectra were recorded at thê follon¿rig well-defined wave-

Lengthe;

Table W.I

ProsressÍon or Serles

P(1) 0-0

P(1) 1-o

P(1) z-o

P(1) 3-0

RA(l) '4.1
RA(1) "4.2; RA(2) ,6.0

v

0

I
2

3

I
2 0

11L0

1050

975

685

740

440

À (R)

775 "7

765.2

754.3

744,5

77L.6

76L.2

-tk. (cn )

t

P(1) 2-0 is the thfrd uember of the P(1) progression with vfbrattonal

nr¡mber 2r and RA(1)¡4.1 refers Ëo Rydberg bande wlth n - 4, v c t,
convergfng to the 42n,, "trte of nf.u

The v nuúbers lfsted rn Table r,v.l. are those glven by

Cook et aI. For a Rydberg seriee the vlbrational quanüum nrmber is
usually obÈafned fron the eerles' convergence to a definlte vlbratfonal

level of an Lonlc state. For the Rà(1) rm.I series, for enauple, the

convergence le to the v¡ - I level of ths A2ilr, 
"tute 

of u|, and so all
the ¡nembers of this serles have a vfbratlonal quantuo nunber of 1. the

vlbratlonal nr¡uberlng of progtesslons ts, on the other hend, not so
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precfse. In mosÈ cases the zero vibrational level fs tentatlvely

aasigned to the longest wavelengÈh member of a progression' Thfe fs

probably usualLy correct' unlegs the Lo¡ler mefnbers (f.e. the longer

wavelength members) of a FrogfesELon Are not obsen¡ed erçerfunentallyt

fndfcatfng an error ln the vibratfonêl nrmbertng of the progression'

For the P(1) progresslon Ín N2 the vlbrational nunbers l¡Iere aesignd

by ogawa (0GAï¡A L964).

The wavelengttr on the monochrorntor used 1n the present

work cot¡lcl be set accurately to tO.5 8. and the resonance peak was

found by manuaLly drlvlng the gfating neàr the de-sfred wavelength

uûtfl the electron count rate was a naxlmtm. The wavelengths quoted

above are ühose given by Cook et al (COOK 1965). The experÍnental

êrrange&ents I,rere essentÍAl-ly the sane âs those used to obtaln Partisl

photoÍonLzatfon cross-sectlons (Chapter III) excePt that the fncfdent
o

bean reeoLutfon for the present sPectrâ was 1.6 A. Ttris of courae

meant that the lfght flux was conslderabl-y lees than before and the

spectra typlcally took one t,c two hours to record, oaklng repeated

Bcans of the eLectron retardlng potential as desc¡lbed in Chapter II.

The spectra are ghown in Ffg. Iv"5. It ie fnterestfng to

compate the Bpectra recorded at 77L.61 .n¿ 765,2l, wlth those of

schoen and Doolittle (F1g.IV.2(b)). There ls good agreenent between

the Èwo sets of results, both ehowlng a marked dl'fference fn the

vibratf.onaL Íntensity dlstributfon for the ve - 0 and 1 Levels of the
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xzr| "tote of nf, ar the rwo wavelengtho. Ttre most luterestfng

aspect of alL the spectra ls that the vlbrational intensÍty

dlstrÍbutlon for the ground Íonic state of Nl fs df.fferenr to the

calculated F-C factor dlstrfbutlon for the transftlon

N2 (*trl, vt'= 0) * ul (x2¡1, t,), f.e. dtrect photofonf zatlonu which
¿3

ls llsted fn Table fV.se (see Sec. IV.3.) and which ie nomally

obeerved at 584 å. For dírect lonfzation, then, ft ia oçected that

Ëhe vr o 0 leveL would appear about nÍne tl¡rea as sËrong as the

vr = I level (the rest of the vt intengitfeg being inelgniflcant.)

In order to exâm{ne thê anon¿líes ln these speetra, the

peaks were unforded to give e:çerlmental vfbratlonal lntensfty

distrfbuËfons fn the manner descrÍbed fn Sec,III.1.3., usfng the

Nenon spectfa as standards for the peak $ridËh and Low energy talL,

These e:rperÍnental vaLrres are shown in Ftg.Iv.6., corrected for the

electron coll-ecting efficlency of the specËrometer and nomalized

t,o v¡ = 0. The thick vertical lfnes fn F:i.g.W.6. repreeent the

measured víbrational. Íntensfti.ee, and have been plotted on the

fonlzatÍon energy scale, whlch fs shown at the bottour of the fLgure,

W.2.2. Carbon Monoxide

Preionfzatlon in carbon monoxlde ls evfdent fn the total
photoíonizatÍon crosa-sectLon measurements of, cook et al (Coor 1965).

Tt¡e effect that these resonance states have on the photoelectron

spectra ln the 630 - 700 I range has already been discuesed brlefry
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fn Sec.LII.l.s. IL wae not,ed that anomalous etn¡cture appeared, between
2 2+ -L 2t 2

A II end B E' staËes of CO-, and between the X E- and A II states ln

many of the specÈra used to deter¡nlne partÍal photofonlzation crosn-

sectLons. This structure gras asEured to be vfbratfonal structure of

the corresponding states and due Ëo preionLzed resonancea fn that

wavelengtir region.

The photoionization coeffícient, k* as a function of

wavelength, Ls shor,ñr in Fig"ïV.7 for Ëhe regf.on 790 - 850 f (f"ot

COOK 1965). Photoelectron spectra rúere recorded at the follovrl.ng

resonance and off-resonar¡ce wavelengthe e

Table gl .2.

Proeresslon .q

560

540

650

695

345

290

26Q

The wavelengths are t,hose gÍven by Cook, and. the v nr¡nbering Ís assueed

to st,art wrLth v = o f or the longest tüavelength ueurber.

Ht

Ht

xt
'^f-

flt

V-

0

1

3

4

Àq
838.5

927.8

807.1

796.8

83L

813

795

0ff-resonance

¡l

tt



0
800

H1

c0

600

400

200

800
850

Wavetengtl"' {Å )

tr,ig. IV.7. photoionizatlon coefficient for CO, (COOX 1965).

23 I

tr
(J

l<

0



94.

The spectra are shown 1¡r Fig'IV'8' The lesonance sPectra

showerrhancementofthevl.b¡ationallevelsvl*0,whÍleÈheoff.

resonånce spectra shor+ that at non-resonaûce wavelengths the co+ G2¡+)

lon 1s left predomlnantly ln the vr * 0 state'

Vfbratl-onal.lntensitydistributl.onsforeaehoftheabove

sPecËrar,¡ereobtalnedbyunfol-dlngthespectrainthegamef¡¿mfleras

the nltrogen spect,ra. The dlstríbutions lrere normaLlzed to vr = 0 for

eachspeetrrnarrdarePresentedschematlcal!.yfnFtg.Iv.g.The

calculated F-c factors for the trane{tlon Co (XlE*, v" = 0} + co+ (x2l*'v')'

f .e. dlrect photofonizatlon, Fig'IV"g(a)' shorv thaL 967" of the

transftlons wouLd favour the vÎ = 0 1eveL, f,I'Ith the reaafnding 4% to

the vr = I leveL. The only two Bpectra whlch approactr thls distributlon

are those at g31 r, ,r,¿ Bú l, r,¡hich were recorded at wavelengths ae

nearasposslbl'etomínfnaintheÈotalcrosg-sectlon.oneofthe

most lnteresting feaÈures of the co 6pectra ís the second maximum which

appeafs at, vf q 2 L¡ the 7g6"e I epectrud, and whlch doesn¡t tholù fui

o
the 795 A sPectrum.

rv.2.3. NítrÍc Oxide

ÏhetotalphoËolonizationcro8s-sectionmeasur€mentgfor

nÍtríc oxfde by cook et al (COOK 1965) and tr'Iatanabe et aL (I{ATAI{ABE

Lg67)lndlcatethePresenceofnanypreÍonfzedlevels.Fle.Iv.l0.

lllustrates the ïrature of the photoionlzatíon coefflcient" kr, for
o

nltitc oxfde as a functLon of wavelength ln the regíon 750 - 850 A

($¡aUù{ABE 1967).
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PhotoeLectron spectra !,rere recotded at the following

preionÍzed resonance wavelengths, ané off-resonarrce wavelength:

Tabl-e IV.3.

Progressíon or Serfes n

Unclassffied

Ê (o,o)

ß (0,0)

ß(o,o)

ß (0,0)

Off-resonance

Pz

D'2

o
v À(A)

94L.6

2 832.5

3 825,0

0 897.3

0 810.6

0 783.6

0 77L.3

780

-1k, (cn -)

599

2L5

L72

3776

L3L0

L397

1040

230

(a)

(a)

2

3

4

5

The wavelengths are those glven by Ï,latanabe et al exeept for the two

¡r,arked (a) i,¡hich are glven by Cook et al; n ls the prlnclple quantr:m
3

nr¡mber for the B(0r0) seríes which converges to vr = 0 of the b II
I

state of NO', and v is the vibrational. quantrrm number for the preionized

stater whícho for the P, progression is agaín nunbered frorn the longest

wavelength member.

The photoelectron specÈra are shown 1n F1gs.IV.11112.

Spectra l¡ere also recorded at the argon doublet wavelengths of 1O4S i
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o
and 1067 A (using an argon líght source) and these Èwo spectra are

sho!'m ín Ïrig.IV.13" ExperJmental vibratlonal fntensfty disËrfbuttons

were obtaíned. for the spectra by unfolding Ëhe cun¡es ln the same

manner as the nitrogen and carbon monoxfde spectra were analyzed,.

These dístríbuËlons are shovrn in Figs.rv"L4e15 and 16. F1g.rv.L4(a).

sholrs the calcurated dlgtribution of F-G factors for the dfrect

pirotolonizatlon transiËÍon l¡o(X2n, v,o = 0) * fqC (XrE*, vî)o from

Table IV.5. The unresolved structure whlch appeared in Ëhe gpectra
lç 3.¡-

between the x x' st¿¡te and the a f,T state (r.p. = 11 ev to r.p. = 15 ev)

Ìras not analyzed because of the large anount of scatter in the data.

Ilo',^rever, it can be seen from the spect,ra, especlally the gj-0.6 i
sPecÈruñ, that there Ís mo¡e l-han one maximum ln the dlstrlbutton.

o
For the 8L0.6 A spectrun these exËra maxlma occurred near 0.5 ev and

3 ev (electron energies). símilar effects can be seen ín sooe of the

orher specrra (94t.0 fi,, ggz.5 3, and e25.0 L).

the spectra recorded ruith Ëhe argon J-fght source are

interesting in that the total cross..sectÍon rueasurements (!fAfA¡{l\BE 1967)

do not reveal any strong structure Ín thls reglon. The vfbratfonal
fntensities of both spectra shclw secondary maxJ.ma, at v = 7-g for

o
1067 Ã, and aÈ v = 6 and 9 for 1048 E. collia and NaËalie (cottrg L96g)

reported an asJ¡rlmetry of Ehe vfbratfonal peaics fn their NO specÈrr:m at
o

1048 - 1067 .A' which they aËtrlbuted to the rotatÍcnal envelope of the

bands. ThÍs type of asyrusetry vras not observed in the presenE rrork,
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aI-though the lngtrwrent resolution would probably smooth any such effect

Ín the present results. lt must also be remembered that Collin and

N.ntaLls used undÍspereed radÍatlon to excite the gas, whereas fn the

p¿-esenË, worlr a monochromaüor was used to dfsperse the radLatlon.

The three spectra which show the rtr* 
"aure 

(783.6 ;.,
OO

780 A, a¡d 77L.3 A) revealed Ëhêt transltfons to this state are enhanced

by preLonizatlon 1n Ëhe ß(0,0) series. The branching ratios for these

spectra were neasured and are shown ln Table IV.4.

Table TV.4.

BranchLns Ratto (Z)

,ó_

783.6

7BÛ

771,.3

xIx*

78

9L

+
Ea

72

22

ô

28

ß(0r0) n = 4

Off-reeonance

ß(0,0) n = 5

Thus thcre is a eubetautfal lncrease 1n the percentêge of traneitl-ons
3-r, 1;

to ttre a X' staÈe, at the expense of the X E' gtate, when the mclecule

is {onfzed vía the preionized level.
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w "3. Pre tlon Franclc sin

el-ectron Spectra of Dla¡!9p5!c' l491ecu1-ee
, " " 

--' --i- -'

The photoelectron spectra of diatomic uolecules consisË'

in gcneral, of several bands whlch are resolved lnto a number of peakst

eaclr of whfch eoÏresPonds to a transition from the ínitlal state of

the molecuLe to a particular electronic and vÍbrational state of the

Lon. The extent of the vlbrational structure depends on the bondfag

character of the electron whtch is removed, and 1n oany casea it has

been found that the intenslty disÈribution of the Peaks in a band is

closely related to the calculated Franck-condon (F-c) factors

(e.g. TURNER L966, FROST L967)'

LV.3.1. Franck-Con<lon Factors for loqk:ation

It r¿as shown ín Sec ,1"2.4. Ëhat the probabfl.ity of

photoionlzati.:or- of a dlatoml'c molecule is givan by:

In,n',r,, = K"l v \r'*r" 
(gg)

where (3e)Àx Nrr* R--esf

and

3

BII

3hco
Kel

.r,, = 
[f 

vrr,Yrr,dr I
2

6
"\¡

(24>
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Thus lrro.r*, 1O the probabllity of a ÊËan8ition between the vttvibratfon¿l

Level, of the init,lal state and tl¡e v¡ vibratj.onal level of the final

state (ioníc ín tlrie case), and K", 1s a factor whÍch dopends on the

electronic tran6ltion probabllÍty and the statístlcaL weight of the

final state, It' 1s assuued that Ku, varies olowly wÍth the ínter-

nucelar dfstance t"

Franck-condon factors for l0nizatlon have been calculated

1n the past from }(orse Potentl-al wavefunctions (ïIACKS 1964 , NICHoLLS

1968, HALI"IAI{N L96S) . In the present f"ork a õothod f or computing F-c

factors usl-ng Morse-Pekeris potent{al. furrctions and wavefunctiorrs was

progranûed for a cDC 6400 computer. The method, whlch r'rae basically

simlLar to that used by llalm¿nn and Laulicht (HALMANN L968), Ís glven

in Appendíx I.
Thequalftyoft'hecalculatíonsfsbestseenbycomparfson

wlth prevlously publlehed data, and Ín Tabl-e Iv.5. the F-C factors for

rhe rransirions N2 {xtr}, v" - 0) * l.ri lxzr[,..r'), c0 (xlt*, v" = 0) +

r z 2 ." -þ r+
co+ (¡\'n, v') and No (X'n, v" = 0) + No. (X-E-, vt) by I'tacks' Hal-rrtånn

and Laulicht, and NÍchol-Ls are tabulated v¡itb the preeent results' the

ågreeuent beü,¡een the results is excellent'

Ïngeneral\r.rrrhasasignifÍcantvalueforseveralvalues

of vf for a gíven v" and the form of thís dfstribution of g.rrrrrt depends

largeLy on the vaL,¡e of v" ancl Ëhe change ín the equllLbrÍum inter-

nuclear distanCe (r.) which occurs when tÏ¡e electron Ls renoved' Sevetal
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N lxtrlt*u| tx"lt

TABLE rv.5

Franck-CondoP Factgfs fo.r lonizatlon

Qvr.\rtI

IIATMANN

2

vrl-1¡l

NICEOLLS EçES-

o.07937
0. L7618
0.2L5L7
0,L92L2
a.L4062
0.08979
0 .05L87
o.o2786
0,014L6
0.00690
0,00326

0.90236
0.09064
0.00651
0.00046
0.00004
0 "00000

HAI¡{ANN

0.07929
0 .17606
0.21510
0.L92L2
0.L4068
0.08981
0.05L93
0.02800
0.t1420
0.00688
0.00341

HÆT,ÍANN

Present I,Iork

0.90150
0.0913s
0.00662
0.00047
0.00004
0.00000

Present f,Iork

Preoent trùork

0.07938
o.t76L9
0.21518
0. L9211
0.14061-
0.08972
0.05184
a.02784
0.01414
0.00689
0.00326
0.00150
0.00068
0.00031
0.00013
0.00004

0
0
0
0
0
0

)2¡(A

0-0
t
2
3
4
5

co (xl

.90236

.09064

.00651

.00045

.00004

.000c0
+

E

\ro'¡r

.07 906
,L7572
.2L490
.L9ZL3
.14082
.08999
.05208
.02801-

"oL425
.00696
.00329

nq (x2nr+no+ (xI¡+)

vr_vt

vrr._ve

0
I¡
2

3
4
5
6
7

B

I
10
1L
L2
13
1-4

L5

0

0
I
2
3
4
5
6
7
B

0

0
0
0
0
0
0
0
0
0
0
0
0

NTCHOLLS

0.15501
0,324L6
a.29723
0. 15702
0.05282
0.01r-8L
0,00178
0.00018

0.15500
0.324L7
o,29725
a.L5702
0.05281
0.01L80
0.00178
0.00018
0.00001

0.15498
0 .32415
0,29725
0 .15703
0.05282
0,01181
0.00178
0.00018
0.00002

0.15506
o,32421
o,29723
0.15699
0.05280
0.01180
0.00177
0.00018
0.00001
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clistributions of c¿rlculated F*C factors are ehown 1n F1g.IV.17. for

ionÍzfng transitLons between ËypicaL electronic stetes whose potential

energy cuu\tes have minl¡oa separated by an aÍ¡ount Are. The height of

each vertícal Lfne rePresents the 9rrr,,r' value for the transLtion from

the vfbrationatr Level vil of the molecule to the level v? of the lcnlc

$tatè, and v! lncreases fron rlght to [eft. Each dÍetrfbutlon may be

consfdereé as a photoelectron SPectru¡¡e utíth t'he electron energy

Íncreasíng fron Left to rlght.

lor the case of dlrect ionlzatf-on from the ground eLectronie

state of the molecule at room Ëemperature the value of vt! is restricted

to zero, trlben Aru i.s very smaL1 Èhere ís al$ost total overlap beg$Ieefi

the wavefunctlons Vv,,= O 
and Vvu = O end the v¡ - 0level iS eXcited

strongly to the exclusion pf tþe others as is shown tn Fig.1$.17(a).

As Ar, lncre.ases Yvo, = O 
Ï:eglns to have sfgnlflcant overlap wÍËh oËher

wavefunctions V.rrc and the transltlon probabll-1ty fs strared ainong sever4l

Levels ve (Flg.IV"lt('D)). For large values of Ar. lt may be e:çected

that the discrete spectrum fs Joined by a continuous dlstributlon

correspondírrg to dissoeiatfve l-c¡nizatio¡, as stro1r¡¡¡ 1n Fig.IV.l7(c).

The fom of nost obsen¡ecl phctoej.ecËron specËra does in fact behave 1n

this marurer.

Howe;ver, 1f the gas ls excited by radiatlon of a $tave-

length r+hich coincides wlth a preíonfzed reeon¿nce in the PhoÈoíonlzatfon

cross-sectlon then Èhere is a latge -probabí11ty that the molecule ls
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e cited to L¡ie discrete super-e:cc,tted sËate, whích Ís a weU. defíned

vÍbrational 1eveL, and it tt¡en decays Ëo the ionlzation conÈ1nurn.

It fs reasonabLe to ercpect that ti-ie photoelectron specÈrun resultÍng

frorn preionízatfon Ís described by the F*C factor distrÍbutfon for

ttre decay of the prelonizlng stat,e, and since the value of vu' fs no

longer restrlcted Ëo zeroe more coupl-ex dfstribuÈfons of the F-C

factors occur. For erqall values of vot lt 1s found that the distribution

of go,rrr,, has (vro 4 1) naxí¡¡a, correspondfng to overlap of the V\¡c arfth

succesefve ¡naxi¡na of the function Y,,,. Thfs sltuatÍon is iLlustrated

sch€xnatical.ly in Ffg.IV.l0. for Lhe case vro= 3 where four broad rnaxlma

are exPected ln the distribution. the víbrational quantr:m number at

which these maxiur,a occur (i"e. the valuee of v0 for whlch the overlap

íntegral has lts maxinun val-ues) can be eeen from Ffg.rv.l8. to depend

sensltivel"y on 'che clÍfference betsween the ru val-ues for the prefonized

atate of Ëhe molecule and the fiqaL Íonic scate. Typlcal calculated

distributi.ons for v" = L and v" = 3 are shown ín Ffgs.rv.l7(d) to (g).

Shey i11u6trate the way 1n whLch vibraË1ona1 structure fn photoelectron

specÈra raay be dtamatÍcally extended 1n a r,ray that ís characterlsufc of

the preionlzing level.

It ls fnterestfng to note that in some cases the

distrlbutfon of grrr,,rrr nay extend belov¡ the zero of the electron energy

scale as a resulË of prelonization and the r,rhole distrlbutlon wLll not

be seen Ín the phoËoeJ-ectron spectrum.
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Thus spectra recorded at resorlênce wavelerrgths can be

reconstructed try cornbiníng the relevant S-C dLstrl.butíons for the

direct lonizatLon and for preionfzatiou, each weighted by a factor

K.l. Uslng the vibratlonal sun rule:

f,"9.,''.ru' = I
v'

(40¡

the sun of, the strengths of the pealcs fn a band is proportional Ëo Ku,

for a given photon energy, and to the partíal photofonizatÍon cross-

sectlon corresponding to the particular el-ectronÍc state of the íon.

rv.4. Disaussion

The specttra presented 1n Sec.IV.2' ehow, in general' that

prelonízation of a dfatonlc molecule can have a marked effect oa the

photoelectron energy di-stribution.

The carbon monoxirie opectra provide the best exanples of

the reeonênt characterisÈLc of prelonÍzation, The three off-resonance

spectra show that the anornalous víbrational dlstrlbutfons in the XzX*

staËe of CO+ are uniquely associated r^rith tlre prelonlzed levela of Ëhe

FJ progression. The smalL anomallee whlch do occur in Ëhe off-resonance

spectra are assumed to be due t,o a combínati.on of the broadness of the

prelonized resonance levels ín the molecuLe and the incfdent bean

re.qoLution (1.0 å1. Thue it is lmprobabLe that 6pecËra recorded anyvrhere
o

in this reglon (790 - 850 A) wIËh this bean reeolutlon would ehor.r the

calculated dÍstribution of F*C factors for direct íonfzation.
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The resonance spectra 1n carbon monoxide show that the

vibrational dfsÈributfons are quite exLended due to gteLonlzatÍonr as

was suggested in Sec.IV.3.L. The spectrum at 7g8,6 I' tn pttaicular

shows two broad maxl¡r¿ (at v! o 0r2) indlcâting a tr¿nsition from a

Level wfth a vibretfonal quantum number r¿hlch 1s probabl"y non-zero.

The nltrogen spectra do fiot have enough vlbrational

leveLs in the ground ionLc state to enable obsenratlon of the broad

maxi:na which niigi:t be expeeted from Ehe consíderatlons of Sec.IV'3'l'

This occurs because of ttre onset of the A2f¡ "t.te of nf at 16,69 eV

(743 8) whfch aLlows only flve vibrational l.evels at the nost to be

obsetived in the spectrum. Hor,¡evero there are definite vibrational-

dlstrlbuÈion anomalles in the spectra Presented in Sec.IV.2.L, The

o
spectrum recorded aE 771.6 A shows 1n particular that the erçected

dlstrlbutíon of víbrational lntensitÍes can be greatLy nodified by

preionJ.zatlon.

Ttre ß(0r0) serf.es ln nftrie oxide, which converges to the

3-¡-o
b II sËate of NOT at 16.56 eV (749 l), has a vl ratfonal quantt¡m number

of. zexo, and hence the speetra recorded at ühe resonance wavelengths

would be expected to show the same vlbratlonaL dfstrLbutlon Ín the
1.¡- +

K Et state of NO-, provfded the ru value for all the states ls the

sane. Ffgs.Iv.L5r16 fndicate that sli.ght variaËions do occur in the

distrlb¡¡tÍon araong the flrst 6 levels, which nay be atttibuted to a

varÍatÍon Ln the rô value of the preionÍzed states of the ß(0r0) serles.
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o
The 810"6 A spectrr¡n (FÍg.IV.I1.) doeoo however, 6how three broad (but

weak) maxlma. these moxÍma arc not erçected frou the theory propoeed

Ín Sec.IV.3. Lf the preLonized leveL is assumed to be a pure v . 0

state (sÍ.nce the maxl¿num nr¡mber of broad peaks poeslble in this case

Ís two), so it fs suggested that as the effect 1s rueak ft nay be

attributed to another overlapplng preionized state tn nftrLc oxLde

¡uf.th a different vibratÍonaL nt¡nber. Cook et al (C00K 1965) reported

a maximr.¡n fn the total cross-sectÍon at 8L2.2 I whfch nay be the ler¡el

producing thege maxlma fn the dfstributlon.



106.

v

v. PhotoelecÈron SpectrosqgiÞl for some Prelo¡¡Lzed States

of MolecuLar Om¡een

Apart fro'n its fntrinsic intêrest, o¡(ygen Ls one of the

nost fuportant constltuents of the atmosphere, and for thfs reason {t
hae perhaps been subJect to morê lnveetfgatLon than any gases other

than nltrogen and hydrogen.

It wae mentioned ín Chapter IV that whilst neasuring the

partlal photoLonl.zatÍon cËoss-sect,fong for o:cygen, Blake and Carver

(BLAKE L967, obsen¡ed ano¡nalous structure in the photoelectron spectra

of the gaa between the X2II, and the a4IIu Btates of Of for r¿avelengËhs

longer than 680 8,. In particular, for waveLengtha longer than 775 I
(.b[,, threshold) only the X2II, ground etate of the foa Ls accesslble,

and the oxygen photoeLectron epectra at these wavelengths nlght be

expeeted to ehow but a slngle band such as Ís observed at 584 R, (eee

Fig. V.4). Hov¡ever, they observed a low energy peak 1n Ëhe spectra

¡vhÍch appeared to renain constant at an energy of ,r,0.5 eV when Èhe

phoËon energy r¡ae varled ovet a large range of values. They attrlbuted

thÍs phenomenon to a process of fluorescent autolonizatLon, whlch fs

sho$ri schErntical-ly in Ffg. IV.l.

the Total Pho Cross-eectfon of ùrysenv.1

The reglon betv,reeu 800-fOO0 I t.t tt u toÈal photoionizatfon
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croês-sectlon for oxygen contairis a wealth of prelonizatfon sÊructure

(see Flg. I.l3 for part of thfs reglon). ìtuch of thfe etn¡cture hae

been eLaseiffed Ínto vibratl.onal progtessiorrs as lndícsted fn Ffg.

I.13. For the present vork, a deÈa1led fnveetígatÍon of the photo-

eLectron energy spectn@ ín thÍs regfon was achieved by recording

spectla at 13 prefonized resonance waveLengËhs and 3 off-resonance

wavelengths in Ëhe tregfon, The wavelengths, and the values of the

photoionizatfon coefficLent at thooe wavelengths, ae gÍven by

l"latsunaga and Í{atanabe (}ÍATSIII'¡AGA L967), atre llsÈed fn Table v.1.

TASIE V.l

Ptocres sion v

3

0

1

2

3

0

L

,
3

0

T

2

3

ÀG¿
-1k* (m -)

tt

M

M

M

Mr

J

J

J

J

I
I
I
I

Off-resonance

972.9

957 .0

947.7

939.3

910.5

894.0

885.8

878 .1

870.0

853.2

845.9

839.1

832.5

970

920

889

800

730

1060

630

300

200

310

230

160

150

r40

290

260

55

57

82
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Again, the v-o member hae been aselned to be the longeÊt f^Iavel'engËh

s¡ember of the progressloÊ, where v 1s the vLbratíonal qrrantrnr nr¡nber

of the prelonlzed Êtate.

In order to knonr how well resolved the Prelonized levele

r,rere wfth the present monochronator and detectlng eystem, the total

eLectron current fton the photoelectron sPectroÚûetor qrlth zero

retardlng volts wa8 measured as a functfon of c¡avelength ø¡er the

range SO0-L000 8. (Ihe ntrltÍchannel analyzer ¡¿as used ae a multi-

channel 8tore, where each channel corregponded to a wavelengt'h

inten¡al of 0.25 8). The resulting cu11re fs eho!ún I'n FLg' V'l for

the range 800-900 8. It musË be remembered that thfs curr¡e rePrese¡lts

the product of the photolonlzatfofl cross-sectLon wlth the incident

Ltght lntensiÈy (to a good approximatlon) and should not be

Ínterpreted as the photoLoolzatlon crosE-secÈ1on. Conparfurg thfe

curve wtth Flg. I.13 tt can be seen that aLl of the peaks wefe well

deflned ln tbe present work, and each prefonized regonance could be

easily located.

V,2 Pho ra or Inc I{a

between 900-1Q00 t
lhephotoelectronsPectraforo:cygenbet¡¡een900and

1OO0 E are shorso ln Ffg , V.2. The sPectrum for the X2ilU state of

ú"t 584 I was also recotded end ls shown tn Ftg' V'4(a)'

FÍg. V.2(arb) ehowg the spectra for the stlong pret'onfzed
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resona$ce at 972.9 I (H Plogressione VÉ3) and the specËram recorded at

a nearby m{nfnum (g7o 8). There 1s 1lttIe difference between the

spectra. This ls probabLy the result of the broad reôonance at 965'5 I

(MAISUI,IAGA l-967), whlch is very ass)nûetrfc ln shape when cmpared wLth

t¡re 972.9 I resonanee and does not allow the mininrrm at' 970I to Ue

well éeflned. Flg. V.2(crd) shorvg the opectla on fesonance ât 910'5 I

(Me progreseLou, v=3) and off resonance at 920 8. These t$ro 6pectra

show a marked difference 1n the vibrationaL dlstributfon of the X2II'

state of Of. The vibratlonal distrf.btttlous for these four wavelengths'

obtaíned by unfoldfng the sPectra ae lúaa done previously (Sec' IV'2'1)"

are presented fn Flg. V.3(arbrcrd). Ttre 920 I spectrr¡n has a dfstribu-

tion sl-nllar to that at 5S4 I (Ffg. V.4), rshlle the 910.5 I epectrun

has a dlstrlbutfon wlth maxfna et vg-l, 3 and 6, indlcating that

traûsitlons to the X2n* state of ú,, at tl¡le wavelength, ort'gfnate at

a staËe wfth a non-.zero vfbratlonal quantun nr¡nber' as wae proposed Ln

Ghapter IV.

The epectra corresponding to the M progreesfono at 957.0 8,

g47.7 P, a¡rA 939.3 R, ."" shown Ín Fig. V.2(erf ,g). The errperlnental

vlbratÍonal lntensity dletrlbutfone for these sPectra are ehor¿n Ln

Fl.g. V.3(e,f ,g). The 957.0 I ('toO) and 947.7 I (r¡=t) spectta show

narked differences fn their vlbraÈ1or¡aI dietrlbutlons, and both are

well removed from the 584 I ¿1"t"ttutlon of Flg. v'4(b). the 939.3 I

(r¡=2) spect¡tlm ehoi,rs a dlstrf.butlon whi.ch ls cLoeer to Ëhe dÍetrfbutlon
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câlculated for dírect lonlzation, (i.e. for the transltLon

o2 ix3ll, v"-O)+of (xzlluo vr), whích ie glven fn Appendfx r ), thêo

those of the other two menbers of thls progression. The reaeon for

this probabJ-y l1es fn the large vlbrational quantr:m nr¡mber of this

state cormblned wfÈh Ëhe relati.vely few vlbratlonêL leve1s of the

X2il- state which are acceesible at thls photon energy (13.20 eV).
g

Thus ft fs possible that vibratfonal anonelÍes occur beyond the zero

energy pofnt on the electËotr energy axls of the spectrum, l.e. for

large vr numbers of, the x2il, etate.

V.3 Ttre I and J Progreselons of O¡<ygen

The photoeleetron sPectta recorded for the J snd I pro-

gressfons lÍeted Ín lable V.l and for the off-resonaace spectrun at

889 I are shown in Ftgs. V.5r6. Tt¡e vibratfonal dlet¡lbutl.ons fron

these spectra are shovtn in Figs. 1I.7r8.

Inspection of the spectra and dlstrlbutLons reveåls that

onJ-y the off-resonance specttltun ât 889 I has a vfbratlonal distributfon

¡,¡hieh fs simlla¡ to the calculated direct lonÍzation dfstrfbution, or

the diatrlbutlon whích ts obtafned from the 584 I spectnln of onygen.

Al1 Èhe other spectrae recorded at wavelengthe corresponilfng to

nembers of the I and J progreseÍons, have dtstributlons whfch are

markedly dlfferent to the off-resonance distrlbution, and in fact the

I progresslon members show vibratlonal- structure up to vr=13. In

partÍcular the distrlbutions aLl sho¡,1 more than one maxfmr¡rn.
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If the photoelectron spectra obtained at resonance htave-

lengths represent the sr¡m of continur¡m and prefonized conponents

corEespoûdlng to cllrect ttansLtlofiB to the ground state of the I'on

anri traneftÍons vLa the preionizing state tesPeetLvelyu then the off-

fesonance spectrîtul ConËainS the contfnur¡n ComPonent but only a gnall

preionized contributfon. lhus the difference betlreen an on-tresonance

and an off*resonance dietributlon reprêsents preionfzfng transÍtlons

only. The differences for rhe 894.0-889 I and the 885.8-889 ß

dÍstributfons are shown in Fíg. V.9. The dÍfferences for the 894.0*

584 I and 885.8-584 R distrtbutions ¡tete also obtafned and are

represented tn Fig. V.9 by the bro},eu verË1cal lines. In obtainfng

thege dlfferences, each dlstrfbution wae flrst normallzed to the value

of the totaL eleetron count rate at tha approprLâte wavelength, ae

obtalned from Fig. V,1. For the 584 fi, dlstrfbutfon, Èhe notmalfzatfou

waÊ the saûe as for the S89 R disttfbutÍon.

It lE seen that there 1e Iittle dlfference betrveen the

ftvo methods of obtalnÍng Ëhe difference dístrfbutíons, and the general

shape is the same 1n each casre. Lf the 584 R values are used for the

off,-resonance distrlbutíon, the higher vibratLonal- menbere of the

resultfng difference dÍstrlbution are nore enhanced than when the

889 I values are used. This Ís to be expecterJ, sínce the BB9 I

spectrum contafns a $nal1 contributlon due to prelonizatlon, and so

has a more elßtended dÍstríbutlon than the 5S4 R speetrrrm. Ttrus, agaln,
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the photoeLecÈfon spectra recorcled at preionlzed resonances slíor¡ that

thepreionizatfonofthemoleculèunlquelyehaogesthevl.brattonal

distrlbutÍons in the sPeqtra'

lltledifferencesfortheJprogressfonmembers,rranelyl

8g4.0-584 8, eas.g-584 8o 878.1,-584 8' and 870.0-584.8 ¿tatrltutlons',

sultably nor:nallzed, are ehown 1n Flg' V'10' fhe 894'0-584 I Artet"-

ence dietributLon showg tlro nâx1ma, at vt=?, and 6, and the 885'8-584 I

dlstribution shows thlee ma:rJ'rnao at vr-2' 5 and 8' The 878'1-584 I

dl$trlbuf:lon ghowg three defÍnfte maxl,na at vl=Z, 5 and 7, wlth an

indicatlon of another at vr = 93 the 870'0-584 I ¿istrtbutlon showe

fonr maxl¡na at v¡=L, 5, 7 and 9'

Itwasmenf:lonedínChapterl'vthattheF-CdígtrlbutÍon

ofvibrationallntensit,lesüayextendbe]-owthezerooftheelecttoû

energyscalerorabovetheenergyoftheincidentphoton'ífonlya

few levels are avaiLable energetfcally. Thus it 1s qulte possi-ble

tiratthenrrmberofuaxinaobseñ'edlnthedlstrlbutionofaphoto-

electroûsPecËruBlslessthonthear'¡mberwhlchise:rpacËedonthe

basLsofttretheoryproposedfnCtrapterlV'1'e'?*1'whereviethe

vibratfoual quantum number of the prelonlzed state" If al-lov¡ance iS

made for the posslbllity that a fourth maxlur:m fn the 87s,I.-584 R

dlstrlbution, and a fifrh maxl¡ru¡n Ín the 870.0-584 I ai"t"tuuËíon

âre rroË seen e>rperi.nentally because Ëhey appeaf below the zero on

theelectfonenergyscale,thenthefourdifferencedl.strfbutlons
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1l3.

cS.earlyshowthat'Èhetotalnt¡mberofnr¿rxÍ.malneachdlstributionÍs

equalËov*].wherevfsthevÍbratlonalquantumnr¡mberofthepre.

lonÍzÍng level. This fndÍcateê that the 894.0 ß t""ooatce corresponda

to v=1, and not v=O as was asstuted 1n Table V'10 and sJmtlarly Ëhe

resonances at 885.8' 8, 878'1 R' and 870'0 I "ot"""pond 
to v = 2' 3

and4re8pectlvely.Thugtherne¡nberoftheJprogressionwlthv-0

is unÍdentifled 1n the total photoionf'zaÈ1on cross-sectlone of oxygen'

Thedifferencesfort,helprogressionmef]0bers,rramelyl

853.2-584 8, a+s.9-584 8, olo.I-584 8' and 832.5-584 I ¿rstrtuutLons

were eLmlLarly obtained and are shown ln Fig' V'11' There are ûo

apparent trends ln the broad æaxLn¿ which can be seen fn these

dfstributlons, especiaLly slnce the 853.2-584 R ¿tstrr¡utlon should

have only one maxisrum if the 833.2 I tu"oqooce corresponds to v=0

(Tablev.1).FromFig.v.llftcanbeseenthatÈhfsiligtrlbuÈfon

has at least three maxl¡ra arrd possibl-y f our '

Ttre total cross-sectl0n values for the 853.?- I and 845'9 ß

resonaûces are relativel-y Low (Table V.1) and thj.s wavelength region

lnoxygenlsconsidetablyoverlappedbytheltandKprogresglong

andot'herunidentlffedresonaflces;thesefactsprobablyaccountfor

the <IÍscrepancies mentloned "ùo.r". 
The 839.1 8'and 832.5 L""o""tt"""

atremuclr,st'rongerandtt,usproduceconparitivelywelldefineddl.gtrf-

butfons. The g3g.1 ß 
".uorruoce 

l1es quÍte clcse Èo another unldent'f-

fj.ed resonance at g3g.6 I GrmSU¡l¡rGA 1967) whlch ü¡ay account for the
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exÈra úâKÍmutr vifiictr ís obsenred 1n Ëhe dif,ferer¡ce distrLbutfon

(Table V.!. shows thaË at 839'1 8, v=2, and so there should only be

three maxl¡oa in the distrlbutlon by the theory of Chapter IV, and

not four).

v.4 of

for the I and. J Progreesipns of gxJgen

CalculatlonsofFranck.Condonfactorsforpreionl.zation

havebeenfewÍnthepastbecauseofalackofknowl.edgeofthe

rnoLecular constantso especially of rur the equílLbriuo i¡nternuclear

distance.

For the I and J progressíons' the values for ot and to"xu

were obtalned by fittíng the quadratic function

tL4

(11)
G(v) = r^r"(eLå) - r,r.x.(v**)z

to rhe experlmental data of ldatsunaga and ldatanabe (IÍATSIJNAGA 1967) '

by the least squares method' The value of ru for the preíonized

state nas fntroduced as a Parax¡eter whictr was adjusted t'o give the

distributi.on of F-c factors 1n best agreement wfth the difference

dletributions of Figs. v.10 and 11. The val-ues for the noLecul-ar

conE¡tânts used fn the calculations are listed in Table Y'2'
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TABLE V.2

(amu) r,r. (m ) ox' ee
-l(cm -)"1,

ozT

oeJ

of xzn,

1036

lL1"0

L876.4

16.5

2l .L

16 .53 L,L227

ua

8.00000

8.00000

7 .99986

The caLculated víbratfonal distributlons for the traneitfons

02 (J, w=1,2"3,4)+o] (Xz[g, vt) are si¡own in Fig' v'!'2' r¿f'th the

corresponding value for r. of the lnitial- state' rshlch r¿as used in the

calculatfon in each case. IL 1s seen thaÈ the cal-cuLatíons have

reproducec the generaL form of the d{etributions of Fig' v'10 for the

four eases. ooe of the uost, lnteresging features that ís brought

outl.nFig.V.l2iethattheruvaluerequíredtoobtaínthebestflt
in eac.h case ¡ûust be increase<i as the v nrrnber of the progressLon 1s

increaeed. Thus for the gg4.0 I r*"oourrce, an ru value of 1.27 R rc

needed, and for the 870.0 ß t."oour,ce re is 1.32 8. 'fhe accuracy of

thi' fltüing procedure was about t0.01.R tor each r" vaLue; í.e. the

vaJ-ues of r" which rvere 0.01 I above and below the quoted value

provldeddlstrlbutiorrs$ihíchwerenotagrvollmatchedtothe

experlmenta]. difference dístrl.brrtfon. Froro t,hese results 1t is

posslbletosaythaËtheJstateirroxygenhasanequil.fbrirrmfuiter-

nucl-ear distance of 1.30 t 0'03 R'
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Ttre caLculated vfbrationel dfetrlbutfona for the Ëranel-

tíons OZ (I, v=2"3)+O! (X2ilU, vr) are ehot¡n tn Ffg. V.13, In these

two casc¡¡ the sane r" velue (1'36 R) "a" 
used fn the calculatlons'

Í¡e 832.5 I f-c f,actors, ln partJ'cular' closely reøenbLe the

dif,ference dfstrlbur,Lon f,or 832.5-584 ß fn rtg. v.11.
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APPENDIX I

CalculatLons of Franck-Condon Factore

The Eranck-condon prlnciple nas outlÍned Lu Chapter I'

where Lt was shov¡n that the nost probable vibraÈional trensition fn

a diaÈonic nolecule is the one correeponding to the tr,7o statee whose

eÍgenfunct:i.ons hava the ma¡Cimr.rn ttoverlap". The dietribuËfon of F-C

factors ls tepresented bYc

2
ñ=Yvlv¡r

lhe f,orn of Y., was taken from Pelceris (PEÍ.ERIS 1934) and Learner

(LEARNER L962) wlth .l=0, thue gfvlng:

lrl2
Yv = lt exp(-Zlz) Z F(-v,b*1,2)

where N fs the notmallzation consËant such that

[l-;ç*l (al)

(A2)

(A3)

(A4)

I
¿

|tf c

ß = l" .2177 x 107 fiU-o^x^'aee

)(Tb

(As)



l{=E-T D
e ò = enet8)r measured from the

dLssocietlon Llm{t.

å* æ exp (-ß(r-r*))

118,

(46)

(A7)

(A8)

D

(l)2
e

¡.d xeee

d-

and rur o"o and t"*u ""* the equilfbriun internuclear dlstaneet Ëhe

harmonj.c vlbratfonal frequency and the anhamonictrty con6tant resPec-

tlvely.

ccE(',y"x)=L*;x*
I

:('+1)
2lv(v+1)

N2 + ... (Ae)

is the confluent trypergeomettíc function, which le a fonn of the

Laguerre polynomlaL. üu, is the reduced mase Ín atomic mass unfto.

The calculatlons conslsted of calcuLatlng vf and v" for

a rauge of values of r (0.5 I to 2.0 I Ín 300 lnter¡¡als), and then

integratfng the product of the túro functlons over the range of r by

Simsonrs method. Thfs Íntegral !Ìias ttren squared to obtafn the value

for çrrrrr. The ¡esulttng Ir-C factors were prÍnted aS an array of

dl¡nensl.ons v! by vtt. TabLq Al Ís the array of F-C factors for the

transLtiou 0, (x3r], v"=0-5)+oÏ (xz[g, v¡=0-15);
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A1

vot 0

.23s44

.3902L

.26279

.09199
,0L772
.00182
.00009
.00000

.29802

.a4404
"09826
.29578
.19901
.05692
.00759
.00042
.00001
.00000

,22320
.02852
"L6Z6t
.00000
.191"32
.26443
.11013
.01864
.001-19
.00001
.00000

.t2945

.12s50

.01907

.12169

.04705
,o7793
.275L2
.16656

"03512
.00253
.00003
.00000

.06448
,15017
.0L763
.08679
.03869
.1r705
.01338
.24182
,2L723
,0s628
.00448

"00004
.00000

.02909

.1L648

.08315

.00483
-10454
.00089
.t2467
.00084
.l-9078
.25686
.08087
.00699
.00005
.00001
.00000
.00000

54I 2 3

vr

0
I
2
3
4
5
6
7
B

9
1-0

11
t2
13
t4
t5

Su¡n 1"00006 1.00005 I'00005 1'00005 1'00004 l'00005

The progra¡r used to coûpute Ëhe F-C factors is lfsted

below. The lnput data conslsted of: trlu'oexe'Te'Þa for each sEate

involved in the transition.



PROGRAM FCFACT (INPUTlOUTPUT)

COMPUTES MQRSÉ: POTENTI/\L CT'RVHSçVIBRATIONAL ENERGIES AND

FRANCK-CONI)ON FACTORSF
D IT"lENSI0N R ( 30 1 ) ç r^/FUNCTI ( 6 ç 30 1 ) e dËUNCT2 (?1 r 30 ] ) r Q (6eZl ) t aSUM ( 1 0 )

C0þlMON Rç l,r,F UNCTI q WFUNCTZ

INTEçER VlrV2
REAL INT
R E A D Ì 0 0 ç (ì I I tl 1 ç S I I W E I s bl E X E I ç R E I I U /\ L ç T E I
CALL MOIìSE- (Gi ç81 ESI rWEI tt,'JÉXE1 rREI rUAl çTEi)

I nrÀrj f ôo oG?-rB2rS?ç\'rË2rtnJËXË2çRE2eLJAz çTE?
It (\./82"E(1.0n) 7t?

? ðnuu ¡¡onsr (G2su? gS2qvttj.? ?t'lËxEarRE2rUA2rTEZ)
'//,AVEFUNCTTON FOR FINAL STATE U2

D0 3V2=0e15
(=2
CALL lrJ/,\VEFN ( K ç V2 ,WË'2 ç tvúEXE? I RE2 r tlA2 )

3 CONTINUE
D0 6 Vi = Orb
QSUM(Vl) = 0.
VIAVEFITJNCTION FOR INITI/IL STATË VT

K = I
CALL t^jAVEFN (KrVl ç\tEl' rWEXEÌ rRHI çU'AI )

ÇALCIJLATE INTEGRAL BY SIMPSON:; RTJLE

D0 5v? =0ç15
SU¡l = 0. $ H = 0.00$arf.¡f-B
DO 4 Í = 2s30rç? ( YZçl) +4"{iuoFuxört (vl r I-l) *
st-)r,4 = suM + 2,'tilrlFuNCTl (VlrI)lrr'¡1FuNcT2

$rÌIFUNCTZ (V2r I-I )

4 CONT T NIJF;

INlf = SuMltH/3.
Q(VÌçV2) = IN1+t+r2
asul"l (vt) = QsuM(v1) + Q(VÌçV2)

5 cor{T I NUE
6 COt\!TINUË

ptìIr\tT 10Br Sl çG1çBl çs2rG2rB2r5l çWE1çwExE] rREI rUAI rTEl rS2t!vE2rWËxEZ
g rlàF-? ç tJA2 ¡TE?
PRiNT 107çivan (0(v1eV2) I Vl=0ç5) s V2=0ç15)
PilLllT 109ç (0sLlM(VL)¡Vl' = 0r5)
G0TO1

SiIUA =iäFJ.0"5r+ TÍ-- =r¡FlQr2¡/ tly.q
$ RE =+fl0"4rar tJA =+f-10ç5elä T

102 FC)tìl'lAT(10X;* V** VÉ 0+l'l)

1rr3 FORI"1,AT l//,t).0X0';t SUM = "rrlY''Eh-i2 "r:,sZXçF?"5)

F7"5)

2.3/¡
lo.5) )

Àòions FoR TRANSITIoNS FRoM JHE rt/\I
+¡1Qort sTATE OF ItAl0r¡\1n¡ //t\xrAI0ç

R[ =r¡þ-]0ã/relr u/\ -{tFIlleSr')t Tl.' 5'.Èi



SF10.2ç/rlXçAL0r* ltiE =¿tf]0.2r{t
Srr.F10,5ç+ TE s+Fl 012¡/ /l

I09 FORt"IAT I / / tZXr{¡St.Jlvl{rr4Xr6FI0.5)
STOP
END

WEXE =iFl0,3;+ RE ={tFl0,4r+ UA

SUBROUTINE MORSE (GASTBTSTATETWETtdEXETRETUATTE)

DIMENSIoN E (301 ) çU (301 ) ?VIB ( 2I ) 
'G 

(21 )

C0Mrvl0N R (30I )

T NTEGEIì V
PRINT 101 ç ST/lTËrGASrflrb/E?krEXETRETUATTE
HC = L?-397.63972z-
DË = tiFlrrt2l (4#WËXE)
BETA = 1,21.77807+SORT (4'nUAltb/EXE)
R(0) = 0"4Q5
D0iI=Ir301
R(I) = R(I-I) + 0.005
l, = (R(I) RE)lt1.8-8
E(I) = DE+(I-EXP(-tsETA++X¡¡+np . ig Ç 0rS+wE + 0r2SíTWEXE
U(I) = HCttÊ:(I)rtloE-B
PRINT 1O?-¡(R(I) IU(I)II = II30Ir2)
D02V=0120
G(V) = t/E{r(V+0i5) WEXE'*(V+0,SliiZ + TE Ç 0rs{rl'JE + 0.zsêWEXE
VIB(V) = HC+Q(V)ttl.E-B
PRINT 1.03r (VrG(V) rVIts(V) rV = 0r?0)
F0RMAT ilHI/30Xç?0H r"10RSH POTENTIÀt- FoRrlXrAl0r2Xr9H STATE 0F lxr

$Al0çAJ.0 ¡2/q.Xç511 li{E =F10.2ç5Xr7H b/EXE =Ë}0.3r5Xr5H RE =F}0.4r5Xr
$15H REDUCED MASS =F10'5ç5Xr5H TE =F10..2ç?/l

F0RMAT ( 5 (Fq .?cF 6,21 I
FORM/\T ( 5X 

' 
{TV+ I óX r *V IISRATI ONAL ENERGYIT/ I I4X 

' 
rtCM- I+ I 8X I ëEV#/

S ( 4X ç 12 ç 4X,r Fl 0. I r 4XrF l>. 2 ) )

RE TURN
E l.l t)

I

2

T()T

102
103

SUBROUTINE WAVEFN (KTVIWEIWEXEIREIUA)

COr"lM0N R (301. ) tt¡JFLJNCTl (6r30I ) rwFUruCT2 (21r30I)
INTEGER V

DE = w[+*2/14,ìrl/lExE)
UETA = l. ?-1,17L071?SQRT ( /itttUA+hjEXE)
A = SORT ( ( 0,99q5 /WEXE) rtDE)

!,'/ = \^JEìr (V+0.5) -l¡jËXE¿$ (V+0.5) +ttZ-DÊ-

f1 = S0RT ( -/1.r1 \0.9995/hJF;XÊ) {tW)

Gl--] = GAr'1MA ( Fl )

Ei3 = t).5'+ (At-OG (ÊrETA) -AL0G (Gts) )

ÂLl'l = F I3



IF(VrEQ.O) GO TO 3
F_t2

L
DO
P=
E12 = El2{t (V+B-P)
ET? = FACTORIAL (V+B) /FACTORIAL
EI4 = 1r
D0 Z N;ZçL
P = N-l
EIt+ = Ë14{rP
E}4 = FACTORIAL (V)
ALÌ\l = Hl3+0'5+tAL0ç lll2/El4l
ALN = LOCì ( ¡.IORMAL I ZAT I ON CONSTANT )

3 R(0) = 0.495
D0 15 N = lr30L
R(N) = R(N-I)+0.005
DR = (RE-R(N))*1.E-B
Y = EXP(llET/\'rrDR)
7 = Z.+A+Y
E09 = 0'5'ftLlräAL0G(Z)

I,

= V+ I
1N=
N-2

?qL

I

?

inl

4
5

6

1

I
I

f = l.
IF(V.EO.()) GO TO 5
TERM = I'
M = V+I
D0 4 J = IçM
TERM = TFRM{r'Z+(J-V-ll / (J'rt(B+J) )

F = F+TERIV
CONT I NI'E
IF(F-0.) 6ç7rB
SIGN = -1.
GOTOg
SIGN = 0¡
GOTO9
SIGN = +J.
829 = AtlS(F)
E3o = ALoG(829)
EX
IF(EX.LT'-BB) 1oç1I
ÞJF = 0.
G0 T0 t2
WF = SIcN.rÞtXP(EX)
IF (K.E(ì.I) l.3rl4
VlFUNCTl(Vr¡l) = t^/fr

G0 T0 t5
V/FUNCT2lYrl'J) = t^JF

CONT I NLII
RE TURN
ENt)

FUNCTI0N GAMMA (Z)
GAMMA FUNCTION FOR +VE Z OIILY
[ = tz;/'¿) +rALOG lzl-'¿+0.5ltAaOG (ó.2831Q53) +A[0G (l+I/ ll?izl +l/ (2BB'rtz

${?+2 ) -I J9 / ( Cl fÌ40,rt7rtt+3 ) -57I / l24fJB329*ltt+t4 ) )

cAÞlt"1A = F-XP(A)
R f TTJRNI

l- tJ l)

t0

It
.12

13

I4
t5
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