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SUMMARY

The photoelectron energy spectra observed for differ-
ent molecular gases at wavelengths from 58&3 to the
threshold energy of the electronic ground states of
different molecular ions have been deccribed in this
thesis, The measurement of photoelectron spectra has
been made ;t 5? intervaels., The branching retios and
hence the partial photoionization oross-sectionas for
different competing processes have al 50 been computed
for these gases, vis. carbon dioxide, carbon monoxide,

nitrio oxide, nitrous oxide and ammonis.

The photoelectron spectrometer used for recording
the energy spectra of the photoelectironas was of the
retarding potentisl type, consisting of two concentric
spherical grids and & plane grid; an earthed grid, an
analysing grid to which & returding potential of a step~-
function type was applied, and an ancde. An incident
photon beam produced by a helium capillary spark dis-
charge lamy was dispersed by & one-metire near normal
incidence monochromator with a slit wldth corresponding
toa resclution of 83. The photoeleotrons were produced
in a small target area at the centre of the spherical
grid system and, after being energetically analysed,

were detected by a channel eleotron multiplier. The
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best resolution obtained by the spectrometer was 37,

The photoelectron spectra for these zases were
obtained at different incident wavelengths and the
reletive areas associasted with esach pesk in the speotra
were measursd, This information was comdbined with
total photoionizatlon crosa-seoctions to produsce partial

eross-sections.

In the spectra of cardon dioxide, the four bands
corresponding to 'ng, *B.» *x;, *E;, el ectronic states
¢f the ion wherever energetically poasiﬁle, were clearly
resolved, In carbon monoxide, nitric oxide and nitrous
oxide, a low energy anomalous peak which did not vary
in position with incldent photon wavelength was odbserved
in addition to vpeaks corresponding to direct ionitation
to the different excited states of the respective ions.
This anomalous peak in carbon monoxide has been expleined
on the basis of, Franck-Condon principle but in nitrie
oxide and nitrous oxide, the explanttion of fluorescent
autolonization is put forward., The photoelectron spectrs
of szponia showed peaks corresponding to ground states of
NHY, NH7 and NH' and also some other unknown peaks which
may correspond to the other excited states of WHY, 1In
addition, a low energy anomalous peak was also observed

which was expleined on the basis of fluorescent
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sutoionization.

Thotoelectron spectra have elsc been measured with
beam resslution of 1'68 st wavelengths corresponding to
several autoioniged resonance states of Oy in the region
sbove 7753, and alse at naizhbouring of f-resonance
wavelengths, The of f-resonance speotra showed a single
broad maximum in the astrength of the O; vibrational
structure. However, the resonsnce speotra had additional
festures which are charsoteristic of the vibrationsl
quantum numbter of the autoionized resorance. The forn
of these spectra were reproduced theoretically by the
caloulated Franock-"ondon factors for the autolonizing
trsnsitions, using equilibrium inter-nuslear distance

for the autoionized state 23 an adjustable perameter.
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CHAPTER I

ERVYIRY OF CHENOMENA OF FHCTOELTCTRON

SPECTROSCCPY

Is1__Introduction

The interaction of monochromatic ultra-violet rad-
iation with atoms and molecules and the measurement of
emitted photoelectrons has led, in recent years, to a
new kind of spectroscopy of ionic states, generally
known as photoelectron spectroscopy. This type of inter-
sotion can sometimes result in dissocistive ionization,
ziving free stoms or positive lons and electrons as the
products. Thus photoelectron spectroscopy oan provide
information whioh cen assist in problems such as the
deternin&tion of energy thresholds for different photo-
ionization processes, the varistion of transition proba-
b11ity with the photon energy above the threshold and the
jdentification of the produocts of photolionization. These
problems have been investlizeated experimentally for some

zases end sre di scussed in chapter TIT of this thesls.

I.,2 _Farly Investigations

Several eerly attempts to observe photolonigzation

of air by ultra-violet radistion made by ¥#ilson (1899)
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and Lenard (1900) were unsuccezsful, Wughes (1910)
using fluorite optica, observed positive ions produced
by the interaction of photens with sir, Fis results
were confirmed by Lenard end hamsauner {1910,14) in a
pimilar exgeriment. The fact that the fluorite window
has a ocut=off at 12508 ruled out the possibility of
direct photoicnization as reported by Hughesz and others,
weissler {1956) suggested that dissoclative ioniszstion

of air mizht explain these results,

Yohler et al., (1926,29) observed direcoct photoloniza-
tion for Cs end Fb vapours in the region from the seriecs
limit towards shorter wevelength, using guartz optics,
RYuns and 7"illiems (1920,23) elso detected photolonizaetion
in ecaesium vapour over a continuouzs rsnze of wavelengths
up to the tireshold at 3180%, Trumpy (1928) extended his
investigations on both sides of the series linit, between

2300 and 2700%.

Yeasurement of the number of ions produced per
photon absorbed as a fumstion of photon energy, is 2
useful %ool for socquiring inlormation about the energy
states of the atoms and molecules snd the neture of
transitions between these states, Tarly sttempts include

the absorption coefficliente of eir maasured by Schneider
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(1940) between 380 and 1600%. In +he case of moleocular
oxygen, the absolute absorstion was determined between
1390 enda 4750% (Ladenberg et 2l. 1933; Schnelder, 1937).
The absorustion syectrum for molecular hydrogen was

studied qualitatively by Hopfield (1330,33),

In recent years, measurements of the abasolute
photoionizati on cross~sections of many competin,; pro-~
cesscs such a8 direct lonization, sutoionisation, 3isso-
ciative ionizaticn ete. have been made in great detail
uelng improved technigues, These are reviewed in sec~

tions I.32¢3, I+3beZ and T.5 of this chapter,

1.3 __Photolonization Cross-Sections

Fhotoionizetion oross~ssotione of a large range of
gasas, atoms and melecules, are cxtremely difficult to
deteraine experimentsally. Tecsuse of thie, computation
of expected oross-msections, by dif Terent theorctical
methods, is desirable. 1In atomic and moleculer systens,
the computations require approxinantions of one form or
snother. In the case of atonic systems, which are less
compliceted, cross-sections may be caloulated rcadily
and conpared with experimental mesrsurenents. In this
way, the reliesbility of the computetional processes can

be aassessed,
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Ie3s 2tomig Systems

Ls38el OCne-Tlectron System

iramers (1323), using classical electrodynanmicas,
considered a system coneisting of a sinzle electron
moving sround a nucleus of charge %, and chtained the
centinuous adsorvtion oross-section for X-rays, in the
form
6404 Ongt

G‘(n) = " ?101)
v 343ch'V’gnn’ '

where n is the initial Bohr state of the =tom, But this
approach neglected the effeota of other electrons in the

systenm,

The gquantum mechanical %trecatment for hydrogen~-like
atoms was carried out by “ugulra (1927,25), Gaunt (1930)
and, more comnletely, by Yenzel and Pekeris (1935). The
total absorption cross~section siven was of the form

5&“‘8’“3“

o (n) = 6 - (102}
4 543oh'v’gnn’

where ¢ is the Taunt factor and &y is the stetisticsl
welght. The Gaunt factor does not differ from unity by
more than 20, end tends to unity as n 4 o in which case

equation 1.2 reduces to equation 1.1,



The dipole approximation theory, based on quantunm
clectrodynamics, vrovided an expliégt formulation of
the problem of photoionization in terms of wavefunctions
of the initial state and the final state which lies in
the continuum. The photoionizaetion cross-section assoc=-
lated with a particular frequency ¥, under these approxi=

mations, resulted in the expression

8n3e?q
G, & =—————— I 3 lmiflz (1.3)
BCgihv' irf

where hv’ is the photon energy in exceass of the ioniza-
tion threshold. Mif is the matrix element containing
continuous wavefunctions end is defined by

oy
]ﬁif!’ = !]}; I or v av|® (1.4)

u-

where ?; is the position vector of the uth electron,
The summation iz carried out over the degenerate states

in the initial and final energy levels.

I.38,2 Nany Flectron Atoms

The application of equation 1,3 to non-hydrogenic
atomic systems requires the use of approximate wave=-
functions for the initial snd final states. In the

central field approximstion, wavefunctions were taken



to be products of cne~electron wavefunctions {Tondon
end Shortley, 1935), denoted by v(n,ﬁ,mﬁ,mg} with
n,é,mf and B, 58 principal,-azimuthal, orbitel =aznetic
snd spin quantus numbers., Confizuration interaction in
this case; vaz neglected. Unly those transitions were
considered in which one aotive electron wns removed to
the @@nguum while the 41 stribtuition of other passive

el eotrons between the shells remained unchanged., Under
these conditions, the oross-sectiocn (Bates, 9340) is
given na

o, (a) = AC* I c;l["ni(n»; [2)n (22 p)r¥ar|? (1.5)

Lteied

Py

i

where Ri and R? sre the initial end final state radial
wavefunctions of the z2otive el zetrong r ie the distance
from the nucleus; k¥, the ikkinetio energy of the free
electron at r = =; A 18 a funotion of » and k? and C’/ are
the numerical coefficients tsbulated by Eates., The coefl=
ficient C* is = sorrecting factor %o allow for the slight

difference in U(n,a,mg,m') for the initial snd final

states,

The ehief difficulty in this method is the evaluzw~

tion of the overlap integrals given in ccuation 1.%.
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The wavefunctions used above do not meke allowance
for eleotron exchange, Tor this, to start with, Hartree
equations are obtained by setting up the wavefunctions
£s a product of onewslectron orbitalis (U) of the various
electrons and finding the average value of the Hamilton=
len for thls fuuction. The U's then varied in order %o
minimize the epergy. The wavefunction so obtained from
the product of U's ip memde to conform to the Fauli
exclusion principle by writing it in the form of e
“later determinant., These can be cbtained by Aartreew
Tock method (Hartree, 1957) which varies the orbitals to
minirzize the energy for the determinantal functions.
“his mukes allovwanee for elcotron exchange, since it is
not specified whioh el ectron 13 in each of the sincle

clectron states,

Hazprtree or Hertree«iock methods give inccourate
wavefunctions of the active electron becruse they do not
include the effects of core polerisetion, To improve
the scourecy of the methods, Bates and ¥assey (1943)
suggested that & term Vp(r) should be sdded to the self~-
consistent potential energy. Vp(r), which is & function
of py, the polarisability of the core, r, the diastance

from the nusleus and T the mean radius of the core,



represents the attrsection Letween the 2ctive electron
and the dipole wmoment induced by *the sctive slectron

on the residual systen,

The variational wmethod used to compute the wavee
functions yields & ;ocod approximetion only in 2 region
which gives the rain contributlon to the energy integral
(Chandraskher, 1945). A critical study of the dipole
length, velocity snd accelersztion fornulations has bren
suggested to overonome the above difficulty. The three
dipole forms of matrix elements are identical but in
prectice, they differ becauze of theilr derenience on
different parts of the radial wevefunotions., Chandreskhar
founi the dipole velocity spproxinastion as the most suit-

able for H .

Cooper (1962) and 'cGuire (1965) mece additional
sinplifying assunmptions for the stste of the core in
eveluating the fivel wmavefunctions. In the unrelaxed
core epproximstion, it wes assumed that, apart frox the
renoval of the sctive electron, the aton renmained
unchanged and the effect of the free electron on otheras
wos ignored, The matrix element then involved only the
spatial distribution of one cleotron, Lefore and after

ioniza*ion. “enton {12%1) zave the ©“inal state wave-
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functions as the antisymmetrized product of the moctive
electron wavefunction and the electron wavefunctions of
the ionlc core. In this relaxed core approximation,

the effect of the outgoing electron on the ifonic field,
was lgnored. Cuoper pointed out thst the best effective
sentral Tield for photoionization celculations would be
sonewhere between the two extreme cases. The unrelaxed
core approximation was found better for high ensrgy cale
culations but for regions near the ionization threshold,

the relaxed core approximetion zave better results.

I.5803 . Comparison Petween Fxperimental snd

Theoretical Cross-—Cection

The experimental detersinstion of photoionization
cross-sections in some cases have been followed by theore-
tical caloulations of the cross-sections, ! comparison
of experiment with theory allows an evaluation of the

various comnutational proceszses,

In the case of atomic hydrogen, the exgerinmental
verification of the caloulated sdsorption cross-sections
is incomplete, The obs:rvations by Chalonge (1934) end
Pege (1938) of emission sprotra of atomio hydrogen were
found to be 1n feir rgreement with thecretical predictions

of Kramers (1923). The only dfireot sbasorption
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measurements were made by Heynon and lalrns (1965) at a
photon waveliength of 850'6%. The measurement ylelded a
value of 5+45 + 0°+48 Xbns, in reasonsdble zzreement with

theorys.

Sodium was the first of the alkall netals to be
investiz ated experimentally. Using spectroscopic tech-
niques with the inert gas buffer between the ective metsal
vapour and the end windows of the cell, Titchburn et al.
(1953) reported absorption cross~sections to 4600% which
were extended to 1400% by hudson (1964), using photo-
electric methods. Calculations, usinzg the dipole length
epproximation {Seaton, 1951), showed o fair egreement
with the experimental messurements dbut & poor sgreement
wes obtained with the dipole velooity form. Unrelaxed
jonic core method (Cooper, 1962) gave low values near
the series limit. For higher energles, poor sgreement

was observed.

Yach member of the rare gas group has been investi-
gated by several experimental teohnigues, e.g. ion
current methods { Seamson and Xelly, 1964) end photographic
techniques (Ditchburn, 1960)., Hellum has been most stud-
1ed followed by neon and other gases, FExperimental

observati ons of these gases (Lee and @eissler, 1955],
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using photographic techniques were extended to shorter
wavelengths by ixelrod and Givens {(1959). Using two
ionization chambers in tandem, Camson and “elly reported
relizble results which seemed to fit well with the late
est theoretical predictions (Ttewart and ¥ebb, 4963)

based on the dipole length formuletion.

Cross~-sections for atomlc oxygen are anlmost entirely
based on theoretical predictions., The variation of cross-
sections with the energy of the elected electron was
attempted by Fates and Seaton (1549) and "algarno and
Porkinson (1960). The recent revision of theoretical
computations by dipole length and dipole velocity formue
lstions has been reporited (Dal garnc, Henry and Stewart,
1964), The only experimentsal cross-sectional values fron
500 to 900} were obtelned by Calrns snd Samson (1965).

The discrepancy observed between the two results may,

possibly, be due to the mesence of szutolonization lines,

I.2b__Foleoules

Continuous absorption zpectra, more frequently
observed for polyatomic molecules than diatomic molecules,
correspond to ionigzation or dlssociation processes. The
complexity of the spectrum 135 a result of the vast number

of moleoular energy states,



12,

The total energy of the molecule consiste of the
potentisl and kinetic enerzles of the electrons ané the
nuclei, The ¢lectronic energy varies with the chenge
in position of the nuclei., These nuclei carry out their
vibrations under the influence of the electronic energy
and the coulomb potsential of the nuclei, the szum of

which in general i s called potentlal znerzy.

In the case of linear molecules, in which ell the XN
nuclei lie in e straight line, (3N=5) relstive co=
ordinetes describe thelr motion, Thus the potentisl in
which “he nuclel move in & i ven electronic state, can
be reopresented by » {3¥=5) dimensionsl hyper-surfsce in
a (3N=-4)} dimensionel sprce. Tvery electronic state of a
polyatomic molecule is thervecterized by such & potential
surfaces Thapes of th se surfaces are different for 4if-
ferent ¢lectronic statea, The exlstence of at least one
sininum in the potential surface shows that the electronio
state is stable, Such hyper=-surfaces zre difficult to

visualize and to represent graphicel ly.

In the case of a8 lipeer tristomic molecule such as
C0z, & particular eiectronic state can be represented by
a2 four dimensionsl hypeor~surface in & five dimensional

spaces n order to visualisze, it is assumed that the two
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bvending cc-ordinates are equal to0 zero. This siaplifies
the representationt a two-dimensional hyper-surface in
s three dimensional spece, 7This 18 done by mesns of
contour lines, Figure I.1a shows the potential surface
of the lowest singlet state of CO, as a function of the
two C=C distances ry and r;. In Ffigure I.1% is shown
the potentisl surface for the lowest triplet state of

C0, erising from 00('2) + 0(’P). In fast, the two pot-
entisl surfaces should be visualized, one above the other

and intersecting msach other.

In & given electronic state, = polyzatonic molecule
may be excited to any oi the possible vibrational states.
“aoh of these levels, in general called a vibronle state,
has dGifferent combinstions of electronic and vibratioanal
quantum numbera. The normal or fundamental vibrations in
the case of the linear mzolecule, GO, are shown in Figure
T.2. In Figure I,2a are shown two different sets of
symmetry axes for this molecule. There is an infinite
numb er of 2-fold axes (C,) passing through the carbon
atom. The other is an infinity fold axis (C‘} passing
through the bon? axis itself. Figures (v} and (c) show
syametric and antisymmetric stretches. In Pigure fa) is
shown the bendinz mode which consists of twe vibrations,

perpendicular o the infinity fold symmetry axis -~ one in
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the plane of the peper and the other out of the plene,

Tn comperison, zlectronic states of a diatomio
molecule can be represented by potentlal energy ocurves
{one-dimensional) in 2 two dimensional space. & poten=-
tial energy curve for a hypothetical state of a diatoaic
molecuie is shown in “igure 1.3 The curve shows the
equilibrium internuclear distence ro znd the wvidbrsticnel

levels for the stutee.

Tarious types of slectronic states and their assoc~
jated vibrational levels exist in nolyatomic molecules
put it 18 4ifficult to visuslize them. For thie resson,
a dintonmie moleouls has been considered and in VFigure I.4
sre shown the potenilal energy curves of the electronile
ground state of KO and a few states of the 10" ion as
reviewed by Gilmore (1965)., 4llowed =lcctronioc itransi-
tions between the €lectronie ground state of RC and states

of nO* give rise to intense ionization spectra.

In dlatomic molecules, if a transition occcurs betiween
the lowest vibrational level of one electronic =tate to
that of another, the equilibrium internuclear distances
beinz different for the two siates, then the relative
positions or moments of the nuclel must chenge during the

transition. Ghecording %o the Frenck~Condon principle, such
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a trensition is unlikely to cccur, sirce an electronic
transition *takes place s¢ rapidly that the nuclel déo

ot change their internuclesr 4distance 5r momentunm
curing the transition. The Franck~Condon principle

5l30 applies in polyatomic molecules, The most probable
transition is one during which neither the positions nor

the momenta of the nuciei ghange.,

Lo3be1 Theorstical Graasnﬁactggna for Molecules

“omputation of ascocurate electronic wavefunctions
for molecules is far more difficult than in atomic
systeus, leaving little scope for theoretical predictions
of photoicnizetion ecross-zections. Some work, though,

has been atiempted for Lizht molecules,

Fxact electronic wavefunctions heve been obteined
only for the molecular hydrogem ion for which photo-
ionization erosa~sections were reported by Pates et ale
(1953)s Shimisu (1960) in his csleulations of cross-
sections for i, assumed that the orbitasl of the ejected
gelectron was represented by 2 plane wave while the nuclei
were supposed to be fixed at thelr equi librius positions,

The snaliytic wevefunctions of Veinbaum (1933) for the
initiel sleotronic state have been used by Flannery and
Upile (41965) for computetion of cross-ssctions for Hae In

the final state, the system has been taken to consist of
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8 H; ion in the 15@% ground eleoctronic state and a Cree
electron moving in & fiecld that included a contribution
from the cuadrupole moment of the ion. Simplifylng
approximations haeve besn made in the treatment of the
rctati onal end vibrational states.

Total. photoionigation cross-sections for Op and Ny
have heen nttempted by Tuckwell (Private communicstion)
using dipole length matrix elements. Unly the eleotron
involved in the ionization process was taken into account,
The initial states were desoribed with L.0.A.0, wavelunoc=
tions of the apyropriste symmetry, constructed {'rom real
ilater-type atomic orbitals. For the final s2tates, the
treatman: of Flannery and Opic for Hg wes used., Computa-
tiona for cross-sections were extended from Lsg to the
threshold of the zround sleotronie states of the two ions.

Cro ss~sectional predictions for methane have been
reported by Dal garne (1952), using wavefunotions for the
active elcetron apvropriate to o spherically symzetric
field,

rippoci ation cro ss-svctions for the weak lerzdberg
continuum of nolecular oxygen have been computed by
nitchburn and Young {(1962). TIn these celoulastions, the
eleotronic trensition moment wes assumed to be conutant.
Jarmain end Kichollis {4964) extended the computations

to the strong “ochumann~:unge ocontinuum of Css
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I,3b,2 Comparison Between "xperimental and

——

Theoreticel Crosg-fections_

Computation of the sccurate ¢lectronlic wavefunstions
of nost of the molecules 4ia culte 2ifficult: thus a great
deal of effort hes been put intco the experimental deter-
zination of ioniszation sentinus. To far, experimeunts
have been limited to cold gazes in which most of the
molecules 1lie in the lorest vibrationsl level of the

ground el ectronic state,

Total photoionization cross~sections magy be deter-
wined by meesuring the totsl sbsorption cross-section
and the photoionization yield of ¢the gase These messure-
ments, however, do not 1 stingulsh between different
processes, o.,f. Al lerent axelted states of the lom and

various fragments found Lecause of disaoccliative Lonizstion.

¥uach of the experimental data ¢n oross~-sections of
dilferent gasep that hus been reported s0 far, has been

recorded wi th rels tively low resolution instruments,.

Experimental results of studies on the photoionizs-
tion cross-sections of moleculsar hydrogen have been
reported by Taneke (19LL}, Lee and Veissler (1952 and
Jainfen et sl. (1965), Cook snd Yetzger (1964a) investi~

gated the ioniration continuum photoelectrically using



high resolution instruments, Their results seen %o Le
in feir agreement with the theoretiecal zaleunlation of
"lannery and Opic [1945). 4 comperison between the %wo

investigntions 1is shown in Tizure T,5,

Sross-sectional measwementis of moleocular oxygen

sver the region $¢ the giort wave zide of 1050% aere
recently made by Huffman et sl, {195k}, Fer molecular
nitrosen, oross-sections were reported by Clark (1952},
ieissler et al, (1952 ), Lee (1955) ané "atanate ané

varmo {1956). “he results were improved with higher
resolution by ®uffmen et al. {1963) ané Cook ot al, {1855).
The results obtained by Cook and Yetsger for hoth the gases
are in fair 2zreement with theoretical zalouletions of
Tuckwell (Private communicstion) nerr the threshold but

are conslderably lower st higher nhoton enersies,

Huch experimental work hes been done on other molew
cules such as W3, 00, $0,, water vapour snd ammonia
("stoin and Granier, 1955: Yuffman o% al, 196L: “un and
Weiasler, 19553 Yetzger snd Cook, 198L; =t ot), Compari=-
son 18 not possible because the orogs-sections o these

zases have not Heen caloulanted theoretically,

Mtchburn (1955], Sun and Veissler {1955), Yetzger

and Cook (1944} snd Rustszi (1964} investiz:cted methane
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experimentally. A comparison of these results with the
theoretical calculaticns of Talzarno {1952) showed the

computed eross-sections to be muoh higher,

Isk Tonization Potentials of Yolecules

The spectroscoplc determinstion «f the ionization
potentials of the molecular zases ias possible from the
RBydberg series 1limit in band spectra, This limit corres-
ponds to transitions between the gerc vibrational levels
of the eleoctronic ground states of the molecule and the
ion and the resulting ionigation potentials are referred
to e85 the adiabatic potentials., The Rydberg series has,
hovever, been identified in molecular speotra in s few

cnases onlys

Tonigzation potentials which can not be determined by
spectroscopic methods, may be found by electron or photon
impact experiments. Fleotron impact methods employ e
mass spectrometre for the identification and recording of
the ions., Ion current me asured as a funoction of the volt-
age acoelerating the eleotrons, ylelds the so-~called ion
appearance curves frosm which ionization potentials nmay
be determined. The main difficulty in this method is the
fact that the ionizing electrons sre not monoenergetic.

Yonochromatic electrons sre produced by using mognetic
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and electric filters (Nottingham, 1939; Clarke, 195L}
but this technique ylelded severely reduced clecetron
currents, The method of quasi-monochromatisgation of

el ectrons (Fox et al. 1951) wes used to cbtain the most
reliable information on the lonization potentials of
molecules, This was reported to remove the effeot of
the electron energy spread and did not exhibit the

asymptotic tail as obtained in early experiments,

Lossinz et al. (1956), Viselov et al., (1957) and
%atanabe (41957) reported photoionizati on measurements of
lonization potentials of molecules, using a masss apecctro-
meter. In this method, a more oclosely monochromatio
ionisgsing photon beam could be obtained :nd thus the accur=
acy of the mesasurement wos higher than in electron-~impact
experiments. Studying the sppearance curves, atanabe
(1954,57) essociated the ionigation potential with the
point at which the curve changed sbruptly. Kicholsoen
(1963) sssociated the ionization potentisl with the steep=~
est part of the appearance curve. The rm sults obtained
by the two interpretations were in fair sgreement except
that Nicholson's method seemed tc be more sccurate when
the photon beam resolution =as not very highs The first
derivative of the photoionization cross-section curve near

threshold (Hurszeler et al. 1957) was formed as a profile
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of the probability distribution amongst the vibrstional
levels, the peak of which was sssoclated with the verti-
cpl ionlzation potential snd the sharp cui=-oif with the
adiabstic ionizetion potential. “here iz seme uncertainty
in uost of these interpretations, snd the wost reliable
values &re vbhteined when the verticsl sn¢ the adiasbatie
fonizetion potentials are acarly the sawe., ‘'lorever, all
this leads o0 *the oonclusion that in cese of high bLeanm
resvlution experiments, %hne probability of ionization of
the waleoules oan be repraegented by a s tep-function; it

is equal to zero for photon energy less than the ioniza-
tion potential and is constant for photon energy greater
than or egusl to lonizetion potential, This is in accord-
ance wit" what was prediocted by “lgner (4248} for pro=-
cessez such as photolonizaetion, where the products are
oppeeslitely cuarged,

Velues of jloniszation potentials obtained by eleotron
impaet experiments have often been found %o be al ightly
higzher than thosze mesasured by photolonization methods,

The sssumption that eleotron impact wethods lead to verti=-
cal ionizetion potential ia true because of the fact that
only low resclution mezsurements have besn reported
{N¥iocholson, 1963). The discrepancy can be explained by
%Yannler's model (Wannier, 1956) whioh ssys that the
electron, being & charged particle, can not lose all of

its energy during a collision,
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The deterninetion of thresholé energiez of the
excited states is of considersble importence. These
haeve been found speoircscopically to an accurscy of
.00 ¢ove Tn some cases, vhere Rydberg series have not

been found, ghoteionization methods have zzeln been used;

27

the best values cveilsble g those determined by elco~

P A

&

tron impect experiments {Frost end Yclowell, 1955; 1958),

1.5 _FPartial Photoionization Cross-Sections

The study of the states o7 excitation of ions zives
a neasure of puritial photoloniszation cross~sections and
may be acoomplished by measuring the kinetic energies of
the cherged particles relessed or by studying, if pessible,

the fluorescence of the ions,

Fluoresoent radiation is emitted when the ions, pro=-
duoed in an =xcited state dy photon impact, return to the
ground state., The number of lons produced in & particular
state is indicated by the intensity of fluorescent radia-
tion. Total intensity of the undispersed fluorescent
rediation 28 & funstion of incident photon wavelength vas
me asured for several gzases (Schoen et al. 1964). Huffman
et al. (1963) cbserved the first nezative and not the
¥ginel bands of the molecular nitrogen; using guartz and

glass windows., This indiceted that & considerable number
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of ions were formed in the B? I state of the ion. Judge
et al. (1963) dispersed the fluorescent radiation from
several gases with low resolution anéd their reported

date for N; confirmed Huffman's results. The second
negative bands observed for oxygen at the incident photon
wavelength of 703& by Judge et al. indlosted the produc-
tion of ions 4in the A?nu state of 0;. They also observed
the first negative band system at 5303 indicatins that

the ions were produced in the bﬁz; state of 07,

The pertial photoionizetion cross-sections obtained
by fluorescent radiastion technigues are far from being
eccurate enough to help in the interpretsticns of many
seronomical processes. The reason is the low intensity
of the fluorescent radiation end the presence of metaw
stable states, It i: also difficult to measure directly

the number of ions in the ground sastate,

Partisl photoionisation cross~sections can be detere
mined by an slternative wethod which involves the neasure=
ment of the energy distribution of the photoelccirons.

The energy of the final state of the lon can Ye mccurately
determined by the diflerence vetween the photon emergy
and the photoeleciron energy. “ew experiments of this

nature have been performned. Al-Toboury et al. [13563-55),
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Turner and ray (1966-47), Rerkowitz et al, {1967},

Cemson (1966}, “rest et sl. (1967) ané Spohr end

Futtkemer (4567) recorded the photoelectron energy

spectra for zeveral jzases by undispersed readiation

from e helium discherge giving sn intense emission line

&t 58&3. Yerkowits et al. and Cpohr and Puttkamer used
electron lenzes with plane retarding potential systems
while ¥ro st et ale. in their experiment employed spheri-
cal reterding grid geometry. £ spherical grid system
¥ith focuseing was used by Semson. These results, giving
relative transition probability or branching ratio of

some of ¢he ions at 2 slngle wavelength, do not of course
determine the variation of the cross-sections with energy.
Yilesov et al., {(19561), Schoen (1964} and 7olittle and
Schoen {unpublished) estimated the photoelectron ecnergy

¢i{ stributiorn 2t & number of wavelensths exelted as emige
gion lines frowm ges dischs rges. They used oylindricel

r terding potential snalyser., Plske snd Carver (1967)
ueing e helium continuum source =snd disversing the inoi-
dent redistion by use of & 1-metre monochromator, obiteined
relative trensition probabilities end hence the partial
crosg-secticens for N, 0. snd water vepour, A eylindricel
retarding potential system was used in their experiment,
The rel-tive transition probabilities for verious elece

tronic states of ¥ at 584R as reported by different
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experimenters are shown in Tigure I.,6. The comparison
shovws glight variations in the valuea for different
states. Fartial photoionizstion cross-sections for

N; as chbtained by RBElske aud Carver {(photoeleciron specw
troscopy) end Judge and Veissler (1968) from fluorescence

experiment, arc¢ shown in Tigure IT.7.

The experimental measurements made so far, indicate
th at more detailed investigation of pertial photoioniza-
tion eross=sections is requirad. Blake and Carver used
e low reasclution spsotrometer, with resolution of the
order of 24 €,v. The low energy noise characteristic
of the apparetus, in their work, was guite appreciable,
This shows a need of performing the experiment with high

resclution snd better deteotion technigue,

In chapters LT and IIT, experiments sre described
in which partial photoionizetion cross-sections for CO,
£Op, HC, Xp7 and NHy have been measured. The energy
enalyser ls of spherical retarding grid geometry xith a
point asource of photoelectrons. High resclution and

beitter detection ieg 2l se nssured.

I,6 Autoionization

The existence of exclited states, capable of auto~

ionization, was first experimentally established from
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absorption of Xereys with atoms {Auzer, 1925;26), The
traeks produced in a Vilson cloud chamber “Zue %o atbsorpe.
tion, seemed %o diverge from the same polnt and the
kinetic enerzy associsted with the track seenmed 4o vary
with the energy of the incident iwray photon. These
tracks wers assigned a3 due o primsry photoeleotrons.
Other tracks cbserved to be coming fron the ssnme polint
did not have energies chrracterised by the Lacident

photon but by the mtoms involved in the intersctlon.

In the study of the absorption spectra of argon,
krypton and xenon in the vacuum ultraviolet region near
the first ionlsation potential, Reutler (1935) ohserved
numerous sbsorption lines sttributable tc excitation of
inner electrons. These lines arising from auvtolioniza-~
tion were found to Le broad and were asymmetrical in

shape, talllng off towards shorter wavelengths,

The width of such lines was exnlained by assuming
that an electron, other than the nost loosely bound one,
15 rxcited %o & continuum of states sbove the lonization
potential, each state correspondineg to different valuos
of orbital =ngular wmomentum of the =xoited elcctron,
Concequently, dlscrete absornption lines are observed in

the nldst of the photolonization continuous spectrunm,
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If there iz an interaction between o discrete excited
state and the continuum range of stetes of the lower
level, the di screte states ascquire the property of
sponteneous ionization., A finite probsbility exists
for & spontaneous radiationless transition to cecur te¢
the state of the lon with the emission of 2 free slszc-
trons TIf the nrodability of lonization is zreat, i.e.
the time involved for the interaction of *he atom with
the radiatlion f1eld 48 larze, the snergy value of the
sxcited state beoomes indistinet end the 2bsorption
lines ssaocisted with sutolonization levels are brosden-
2de The traunaltions invelved in an sutclonization pro-

sess are 1llustrsted in Figure I,.8,

The saymmetric shepe of the autoionization lines
was explained by “smo {41935). e suggested that the
asysnetry arises from the gsharp veristion in the coel-
ficients of the verious configuretions se the energy value
of" the excited state pesses ithreoush the gteltionsry state.
This gualitntive explenetion wans extended in the iorm of
¢ comprehensive snalysis of the yrofiles of the zuto=-
ionized sbsorption lines by TFero mné Cooper (Femo, 19€1;
Teno snd Cooper, 1%8%). The configuretion interection
between & cilzcrete atate sud an overlepplng continuunm

wag consldered sné 1t wes found that the profiles of the
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autolonization Iines may be renresented by

(qee)z_

c{e) = o {” ~I+ o,
& 1o b

Tn this expression, ¢ i2 siven by the difference beiween

the photon energy and the unperturbed energy of the (ise
crete states divided by the mean 1lifetime of the ievel
with respeot tc sutolonization. ut of the two sompon=-
ents of absorption coefficient, 0 vefers tc direct
ioniesations The numerical index q is characteristic of
the line profile., Frofiles for several values of g

(0, +1, +2, +3) are shown in Figure T.9. The meximum
sbaorption, as can be seen from the figure, lies at ¢
equel t¢ 1/q ané the sero minimum at € equal to “Qe
Changing the sizn of q has the effect of producing e

pirror image of the line,

~tructure due to autoionization in case of argon
end krypton was cbaerved by Reutler (1935) between the
‘P1/2 and 'P3/2 edges of the ionization limits, Ferry~
Thorne et al, (1960) ena Huffman et al. (1963) in their
quantitative snalysis of kyrpton assigned oscillator
strengths to the transitions leading to autoionization.
Hadden and Codling (Mrdden and Codling, 1963, Codling

end ¥adden, 1364, observed snotiier range of autoioniza~
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4ion transitions towards 4the short wavelength side of
6008 fror heliun, srgon, neon, krypion and xXenon using
the continnous radiation emitted from clectron synchro-
tron &s the btackground source i photons, The reporied
results are in good cgreemxent with electron scattering

measurements on inert zases (.amson et al. 1964/,

#stsunaga et el. {194%) =nd “amson (195L) showed
that the photoionisation yield «f the rare zases between
2n 2o & © i ™

%y /2 and Py/2 limits, 1= equal tc unity. Thisa
indicates that »11 of the atoms axolted to autolohizing

the

levels in this region undergo trancitions to the ioniza-

tion continuum,.

I.6a iolecular Systems

sutolionization in molecular gases, sometimes known
a8 preionization, was first veported by "enning [1932)
with the observation eof diffuee bands in carbon dloxide
in the region @i 750 to ?853. Nif"use brnds observed
in the Par ultraviolet abtsorption spectrum 2f moleeular
aydrozen {Beutler and Junger, 1935% and diffuse bands
in oxygen with wavelengths shorter than 10002 (cook and
letzger, 1964b) were nsscciated sith preionizarion.

new ydberz series in oxygen in the reglon of 2008 was

reported {Codling 2nd “adden, 196%) which converged to
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s limit about 412 e.v. above the [irst ioniration limit,
The bandis were found to be broadened and very asymme-
trical. Tanaks &t al., {1560) showed two new Tydberg
series due to absorption in eddition to those ob served
by Heunrning in the sbsorption spectrum of Cl,. These

series converged t¢ the gxcited stater of the (U, 1lone.

Autoionizaticn in molecules can be expleined in the
same way as for atomse. The cverlepping of discrete
energy levels sznd a continuous renge of levels causes
the readiatlonless transition to occeur te the slectronile
state of the 1lon with the emission of an electron, This
process causes the reduction of the lifetime of the ¢3s-
crete state followed by the browdening ¢f the rotrticnal
lines:. The end product in preionization is essentially
the molecular ion end the eieccted electron. For this to
ccour, stable disorete state of the wmolecule must lie

ad jacent to an el ectronic state of the ion.

otel photolonization cros g-section measurerents
for Upy iz, N0 and other gases fCook et 2l. 1945) Lindi=
g-te the position ol many sharp zutoionlzing resonances,.
‘hese resonances whick are superinnosed on the photo-
ionization continuum, have Leen thoughtto glve some con-

trivutlon to the photoelectren spectre of the gases.
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The detalled study of the electron spectra of molecular
oxygen, showed a Low energy anomalous peak below the
threshold o2 the ground state of the ion {Bleke and
Carver, 1967). This peak was essigned by the suthors

to fluorescent autolonization., This suggzests g nead
for studying the fine structure in the spectra of gases
on and off the resonance lines. Inolittle =snd Schoen
{1965) studied the photoelestron smeoctre ¢f molecular
hydrogen on~resonsnce (780%) and off-resonance (772 end
790%) 2nd showed that sutoionization not only produced
peske in photoionigzetion cross-section versus wavelenzth
curves, but changed the cnerzy Alstribution of the glec~

trons emitted,

A more detailed inve:ztis ation is needed to study
the disintegration «f s molecule exclted to an autoloniza-
tion stete by observing the varistion, if any, in %he
photoelsoctron spectra between one sutoionized resonsnce
and another and between an sutoionized resonance znd the
ne ighbouring of feresonance continuunm. The on and off line
spectra for some selected zuftoionizetion states in mola=
cular oxygen will be shown in chepters IV and 7V eof this
thesis., Tt will be shown thert the spectra can de explsined
by Franeck=Condon type calculations without the need to
assume (Blake and Cerver, 4967} radistive trausitions in

the neutral molecule,



CHA¥TER II

PHOTOELY CTRON SPFCTROMETER

II.4 Introduction

Processeas llke sutolonization, total and partial
photolionization in photoelectron spectroscopy of gases
are important for the interprotation of many astro-
physicel phenomena. The detalled astudy of these prooc-
esses Iin the laboratery requires the deaizn snd con-
struction of high reasolution photoelectron apectrometers
with improved detecting techniques, & spectrometer was
constructed and its difrferent parts are described in the

following sections,

IX.2 Fhotoelectron energy Analyszer

The messurement of emmrgy distridbution of eleatrons
or other charged particles emanating within a small solid
angle from their sources has been thoroughly studied by

physicists through different experimental techniqgues,

Yarnold et al., (1948) employed a parallel plate
analyser to measure the energy distribution of the posi-
tive ions., The same technicue was used (Harrower, 1955)
for sepsration of electrons into diserete energy groups.

The snalyzer so developed had a resolution of 27 but very
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small collecting ef'ficiency. £180, it was found that
this method suff'ered badly from s herical aberration

(Klemperer, 1953),

Another important form of the enérgy snalyzers gquite
commonly used for positive ions, was « small 180° magnetic
field type selector. The same rrineiple was employed for
photoelsctrons of gsses by Turner and May (1966). The
eiectrons with o definite energy were focussed at a
definite spot due to the magpetic "ield applied., The
varying megnetic £ield zave the energy distribution. In
fact, the spectrum scanned this way was s momentum dis-
tribution curves A correction had to be amlied to get

eneregy distribution.

The retarding potential teohnique for the investiga~
tion of enersy diszstribution of electrons, has become a
useful tool in the recent yesars, The system comprised of
two oylindrical grids followed by & ocllector. The first
grid was earthed s0 a» to produce ©"{eld=free region for
el ectrons emansting from the source, A varying retarding
potential with reaspect to earth wes applied to the second
grid, Flectrons with energy greater than the retsrding
voltege passed through the secend grid and collected at
the collector electrode, giving & definite energy dise

tribution of the dlectrons. The oylindrical £rid zeometry
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was used by Hurbatov et al, (1961), tl-Joboury et ul.
(1963) and Schoen (1964) in their spectroscopic work.

In this case, the collimation o electrocns between the
source and the grids was essential. The resolution of
thiz system, being 0*1 to 0+3 e.v. did not permit accur~
ate measurements on vibrational energy~level spacings or
transition probabilities. irost et al. {(1965) bduilt ean
snalyszer wherein photoelectrons were produced in a small
volume at the centre of a spherical grid &y stem, so that
the initial ejeotion of the electrons was always normal
to the retarding field. Greatly improved resoclution of

the order of =0+ was claimed by this modified systen.

1,21 _Choice and Construction of the Analyser

& retarding potential energy znalyser with a spheri-
cal grid system and a point source of photoel ectrons at
the centre of the sy stem was selected for our electron
spectroscopy experiments. & few modifications %o the

previous system (Frost et al. 1965) were introduced.

The analyzer was designed to give &n energy resolu~
tion of 0+1 e.vs., Wwhich was the order of separation of

the vidbrational levels of many molecules,

Txperimental liwmitstions for such an zaalyger eare

the gas pressure used and the intensity of the ultra-
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violet photon beam available, The gas pressure in the
ionization region is l1imited because the mean free path
for the el ectrons in the gas must be sufficient to allow
the electrons to travel to the detector without having
collipsions with ot her molecules, This l1imits the gas
pressure to about 10-2m.m. of Mg, The maximum beanm
intensity obtainable from the ultraviolet lamp of the
monoochromator in the present experiment is typically of
the order of 10°® photons per second. Taking an arbitrary
set of values of the gas pressure as 10~3m.m. of Hg, a
beam intensity of 10® photons per second and the absorp-

tion coefficient of 300 oma1

for some arbitrary gas, the
number of photoelestrons produced per centimetre path
along the photon beam is of the order of 10° electrons

per second.

The angular distribution also affects the number of
photoelectrons collected from the ionization reglon. The
di rection of emission of photoelectrons is defined by the
angles 6 and ¢ as shown in Figure II.1. Sommerfeld
(1930) has shown that for electric dipole transitions,
the probability of an eleotron being emitted in a direc~-

tion (6,4) is independent of ¢, but depends upon Sin®6,
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The analyser was designed for the energy resolution
of 1.« Under these conditions, the maximum value of
angle ¢ whionh cefines the direction of energy component
of slectron emissicn, was calculated., © was found tc be
5°4L'. This showed th:ut the spread in the energy compon-
ent was about 2 4, giving th e number of electrons to be

eollected as about 10" per second.

ITe2.1a8 Point Source of Photoelesctrons

A twenty-eight om. long netallic tube of two and a
half ¢m., diameter was pachineds, The ultraviolet photon
beam, dispersed by a oneemeitre nonochromator was azllowed
to pass glong one stde of the tube, The width of the bean
was restrioted by appropriate baffles so as not to touch
the sides of the tube giving scettered 1ight. The ges
under observation was allowed to flow in from the other
gnd of the tube, #ith the interaction of the ¢two, the
photoelectrons were produced which emeneted through a
5uall hole in the centre of the tube, tc the spherical
grids, with the hole as the cenire of 2 spherical grid

systen.

This system suffered from & few defecta, Firstly,
the electrons exmltted in directions cther than thet of the
hele¢, struck the valls of the tube and were reflected

back through the hole to the zrld system. These reflected
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electrons which had lost some of their energy were aiso
energetically analysed and then detected by the slectron
‘etector. Alsc the clectrons coming cut of the hole

struoi the edges end produced seoondary dlectrons,

The first defect was removed oy replacing the por=
tion of the tube just opposite the hole with a two and o
falf centimetre long rectangular cylinder completely
coated Irom inside with a solution of colloidal graphite
in alcohol, oommercially known 28 aguadsg. 7he bottonm
sids of the oylinder was made sianting st a small angle
with the horisontal surface, Inside the cylinder was
soldered an eleotron trap of honeycomb shape made of
aluminiue (Figure iT.2), Tue to multiple reflections
inside, the electron would loze almost whole of its

energy before coming out of the trap.

The seconiary electrons being woduced from the
edges o¢i’ the hole were stopped partiaslly by making the
edges of the oircular hole conicsl, protruding towards
the grid system. Also & thin coating of aquadag helped

to reduce the production of secondary electrons.

The sppraratus wes arranged so that the hole siges
could te changed reedily. 4 rectanguliar plete with the

desire¢ sise of the hole at the centre could be serewed
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into the tube.

IXe2+1b The Spherical Grid System

Two goncentric spherical and one plane grid were
useds The spheriocsl grids with the centre of the tube
(Section TI<2.1a8) just below the hole, as centre was
pede of coppers The first spherical grid had & radius
of about 5+5 om. &nd the second adbout & cm. Ideally,
the grids represent a spherical equipotential surface
which is trensparent to electrons., Tn fact, the poten-
tial in the space beitween sny nair o grid wires is
aif'ferent from the potential of the wires vhen there 1is
a potentiel gradient on sither side of the grid, This
potentiel variation may be reduceéd by plscing the grid
wires closer tozether but a compromise hes to he reached
between the respolution of the zrids and their transpar~
ency to e lectrons. The wire mesh uszcd for the spherical
grids had a transparency of about 507 end the wire spac-
ing was about 20 lines per inch. The plane grid nade of
knitted tungsten wire mesh (obtained from “etex Flectron=

jos, Yew Jersey), had & Lrausparency of about 907.

The spherical grids were designed to receive elec-
trons over a cone of 60 degree angle. The spurious

electrons coming from the hole at & greater sngle were
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stopped to pass through the p#rid systes as zeconcary
electrons, by fitting & cone at the lower end of the

4

first siherieeal [rid {Pigure TT.3},

kY

The ge zrids vwere supported by four =metallic rods
serewed in 5 blanking plate whioh ugalin was fitted with
glass~covar seals for electrical connections. The grids
vere lusulated Ffrom the s rods and {rom each other with
snall teflon insulatoras, & photograph of grid-mounting

and other small details 1is shown in Fimre IX.4.

The pumber of slectrons passing through the grid
system wos calculated taking into account the transpar-
encies of the three grids, This gave & nuaber of the
order of 1000 €l ectrons per second, These electroanaa
expecied, reguired s better detection technique with high

gain and low nolse.

-y

T3 Photoelectron Tetectors

"he photoeleotron detectors can be chiefly éivided
into two categories, one which can be used for the det«
eotion of 2 bean of electrons constituting s maximunm

=1z snperes; the second type of detector

current o 16
1s useful only when the detection ¢f single rlectrons is
required., In the Jdeternination of pertial photolconizetion

¢ross-sections of G., N, and water vapour, ;ﬁe
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Fige ITIoeha Phoetograph showing spherical grid
analyser clapped to the bhlanking

plate.






Fi I.4d Fhotograph showing point source

of electronsgs
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photoeleetrons glving & current of 10'f2 gmperes were
detected with a "ayne-Kerr alectrometer (Flake and

Carver, 4967},

In the photoelectron spectrometer used in the
preseat work, the photoelsctrons produced are of the
order of 1002 per second {Section II.Z)} which rules sut
the possidllity of _;,»‘ts'd‘e:ection by the methods given
above. The detectors wostly uszed for this purpose are
sleotron multipliers with separate dynodes or with a

continuous dynode.

Ile3.3 _Hegulirements of sn Flectron Netesctor

THe photosle ctron detectors with s swficlent senaie
tivity tec count a =mall number of electrons should have

broadly the following apecifications:

t. Capadble of repeated expozure to atmosphere,

2, high slgnal to nolse ratio,

3. a time response of less than 10°° seaond,

hs a reazgoneble sensitivity for electrons with
energlies between less than 10 s.v. 2nd 1000 e.v.,

5 pressure independence of the charze sultiplica-

tion factor eto,

In the electron multipliers with seprrate dynodes,

the el sotron 0 e detected 18 ceused to impinsge upon a
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cathofe surface and liberate segondary electrons.

These electrons in turn are csused to strike n succes~
slon of dynodes, ssch giving & secondnry electron yield
sreater than unity. The process results in a number of
electrons larze enouzgh for easy detestion of the mrrent
by a vasuum tuhe volimeter. This tyne of detector
inherently meets reaquirements 4, L and 5, The sipnal

to noise ratio 1s guite hizh but not high enoush for our

nurposes. The time response is also gulte appreciable,

Tn megnetic electron wultipliers {“mith, i951), the
electrons ere directed from dyunode to dynode by the moction
of crossed electric ené magnetic fields, This does not
neet the requirement & due $c deflection of electrons in

high mgaetic field.

-oodrich and ¥iley (1951, developed a anew electron
multiplier by using & continuous swface o high resis-
tence semi-conductor material, The dstector sonsists of
two plane parallel surfaces located & few m.ime apart made
of a conductive soating on an insulating base., The :eme
potential difference 1is spplied coross the long édimension
of each surface to obtein the sane notential gradient
nlonz each surface., The unper sw face is maintained =nore

positive than the lower surfsace. The entire structure ia
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placed in a uniform mag:uetic field rerpendicular to the
plane of the surfaces. The dleciron impinging at the
cathode gives rise to secondary electrons and due %o
¢rossed electric and magnetic fields, more secondary
electrons are produced along the surfasce, Rut again due
to high magnetic fileld, a 5 to 10 e.v. el ectron cannot
reach the cathode. Lefrel (1964) reduced the magnetic
field by taking out one bar magnet behind the entrance
grid. This detector using Leffel's suggéstion was tried
by us but still it did not meet the requirement &4 to
electrons of lower energies., The magnetic field was
further reduced by using dif ferent layers of iron, netie
and conetic around cathode, but still it did not msteh

our requirementa,

Farnsworth {1930) first proposed an eleotron multie-
plier consisting simply of & resistive tube. Cschepkov
(1960) gave details of such a tube mede of a special type
of ceramic, £5ood rich snd Wiley (1962) developed a multie
plier of glass with 2 resistive conting on the inner sure
face of the tube, Then a potential of azbout 2+5 kv is
applied between the ends of the tube, an electron entering
the low potentisl =nd will initiate th'e cascade of second-
ary electrons Irom the walls (Adams and Yanley, 1965).

The detector called channel electron multiplier meets the
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requirements 1, 2, 3, 4 but its undesirable feature is

the pressure dependence of charze multiplication factor.

11.3s2  Choige of the Tetector

The channel el ectron multiplier was thought to be
the beat to suit our purposes. Although it had a smaller
collecting aresa than the resistance strip magnetic elec~
tron nultiplier, its ocollectinz efficlency was found to

be about ten times greater than the latter's,

The Yuilard's channel eleotron multiplier (Wo. R348 BL)
was selected to be used, It had sn internal diameter of
1+25 murwe ond 15 planar in geometry. It has input ends
flared out %o about 5 m.m, more than the internal dianm

eter. This is made of lead sonteining glass.

The detalls of the geometry of the multiplier are

shown in Figure II.5.

II1s3s3 The Tetector Mounting

Becsuse of the detector being used at quite a high
voltage, its perfect insulation frow the rest of the
epparatus was necessary. ‘The detector was mounted with
two teflon elaamps reotangular in sape with small semi-
circular holes at the centres of their lonz sides. These

clamps with the detector in, were screred on s circular
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copper disc with a hole in the centre, The horn of the
detector passing through this hole, wss kept on one side
of the osopper disc and the rest of the detector on the
other side. This disc was supported with the help of
two mounts screwed on one side t¢ the digec end on the
other side to the blanking plete which rested on the top
of the vacuum chamber, The whole system could slide in
the chember wit hout touching any part of it. This way,
the cetector was kept st a digstanoce of sbout four inches
from the plane sollecting grid of the energy analysing
system., The two wires, one 2t the horn and the other at
the end of the multiplier were taken out for electrical
connections through the glass-—covaer seals zoldered in the

blanking plate {(Filgure II.6).

Ile3edk Terformance of Channel "leoctron Hultiplier

Nifferent combinations of voltages were tried at

the two ends of the deteotors The most sultable get of
voltages, siviang a high count rate for slectrons of ell
energlies 2t the gas pressure oI 10“3 NeBes WS 200 vaolts
and 3 kv at the lower and the top onds respectively.
Count rate versus voltage curve gave » starting voltage
of 4 kve At the voltages uszed in the present work, i:"xe
typical value of the gain was found to be of the order
of 107,



Fig, 17,6 Thotozreph showing the mounting of

the channel electron multiplier.
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The plot of pulse height on Y-axis snd the frequency
of ocourrence of thst pulse height gave 2 distridbution
which was roughly triengular. This agreed %6 the speoci-

fications of Lhe manuf coturers.

Count rate was found to depend sl izhtly on pressure
for pressures more than 5 x 10'k m.n, but zore repidly
for pressures sore than 16'} mem, Of iigs At pressures
below 5 x 10”"L mem, of lige the ocount rate did not seenm

to show prassure dependence.

The beockground ocount rate was found to bte small, of

the order of 5 to 10 per second.

It wes & {fficult to measure the highest count rates
because this multiplier is faster than manf of the cur-
rently aveilable pulse counting equipment., 7Tt iz advis-
able to find cut whether the detector count rate is
saturated at sny stage. Saturation ecount reste would be
different for éifferent zeses in the vaouur chamber,
Argon g6a8 was used for this purposze with the ircoming
photons from the monochromator of wavel ensth ?&539 The
lamp current was varied so0 as to vary the intensity of
lizht in veacuum chamber., The phoicelectrons produced
were detected by the nultiplier 2ns vere counted by some

pulse counting technioues for esch value of lamp current.
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Flgure II.7 shows a plot of sount rate szainst the
lary current or light ‘nilersitys The graph shows o
linear relationshlp beiween the two guantities in a
region o 40 meA. to 120 meks for the values of lamp
currents Yith e further incresse o# surrent the count
rete starte saturating, showing that the eppropriste
value of current to operate the lanp was between 510

to 120 millianpercs.

IIs4 Cther Netails of the Spectrometer
IX.4s1 _The Beam irap

As gases under investigation flowing through the

tube which is used as & point source of electrons are
generally at a very low pressure, i.e. 10”2 m.m. of Hg.
approximetely, only a small fraoction of the ultraviolet
beanm is absorbed. The remain’er of the beam could bde
allowed to pese through & bems trep, = eylinder costed
frow inzide with scusdag and kept at & positive potentlal,
or such other similar errangerment. The z2lternstive
arrangenent used by us 1is & photomultiplier tube screwed
on to the vecuum chamber with its cathode fecing the

incoming photons.

The photomultiplier used (EMI 95445) was made sensi-
tive to ultreviolet radletion with a costing of sodium

salicylete, & fluorescent materiel (Johnson et al. 1951).
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L glees nlete comted with this meterlisl was placed in
‘ront of the photomultiplier, The apectral ¢istribution
of the Iluore scent radliation fror sodiup salioylste has
& maximum 2t ebout 42507 which corresponds well with the
spe otral sensitivity of Twetype photomultiplier cathodes

{Allison et 2l. 19584},

The cathode of the photomultiplier tube was given a
voltage of 1400 volts from a power sunply znd the ocurrent
at the ancde was wmeasured using 2 d.c. amplifier {Yewlett-

Pack ard, model 425 A),

Tlelha2 The Yacuum Chember

The vecuum chember (Figpure 77,.8) was constructed of
coxper tublng six inoches in Adiamecter, The top and the
bottom parts were the detachable blanking plates with the
detector and the snalysing systems mounted to them,
Fleetrical sconnections to the grids and the channel eleoc~
tron nmultiplier were mede through the gl ass~covar seals
in the blanking plates of the vaocuum chamber which was
windowless, The ultraviolet beam entered from the adjuste
ehle exit-slit of the monochrometor into a lopng nerrow
tube, the cother end o which was fitted with the photo~-
multiplier tube., The gas ent ered the chamber from the
ather side of the tube through a needle valve, which was

adjusted to meintain & constant pressure in the chamber,



The vacuum chamber with spectrometer
in:dde and 1light source on the ons~

me tre anonochromator. The photograph
showz a part of the differential punp=-

ing sy stem in the background,
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A two inoh oil diffusion pumping system was used to
evacuate the vsacuum cheamber to & pressure of 10m6 BeBso
of Hge A liguid air cooled ftrap was included to remove
condensable impurities from éifferent gases under

investization,.

¥arollities were provided for attaching sn ionization
rauce head (Fdwerds) and a pireni gauge hesd {Speedivaoc,
Yodel 3BR) to the vaouum chamber, ¥hen the chambers were
evacuated, the residual gas pressure was nessured with
the ionlzetl on zeuge tnd the pirani rauge was used to

monitor the ges pressure during the exreriment,

Ilekes _The ionoohromstor

The study of autolonisation {ohapters IV and V), ,
partial photoionization cross-sections (chapter TTI} of
dif ferent atmospheric geze¢s was done using the one-nctre
near normel incidemce =zonochromator (¥eo'herson, Vodel 225)
with Fsusoh and Lomb replica grating {1200 lines ver inech),
blaszed for 1000%., The entrance slit could be sdjusted to
sive a glit width of 10, 50 and 100 plorons. An exit slit
width of 1000 microns was used t¢ zive 2= bear resolution
of sbout 8% for some experiments but for others, 220G

microns slit was used siving 1468 resolution.

The light source used (seotion TI.h.k) was isolated
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from the nmonochromator by a two stage dif ferentlial pump-
ing system., The first stage waa punmped by & mechanical
booster pump (Godfrey ¥B/VLOO/28) &nd = backing pump
while the secon’ stage was pumped by an oil booster
{hynavaeCR 41500) anéd a backing pump, #ith the light
source running and the entrance slit width {00 microns,
the nain ch amber of the wmonochromstor gould be maintalned
a2t a pressure of less than 10““ neme of Hgo with the use

of this differential pumping assenbly,.

4 genersl view of the experimental arrangement with

the one-~metre monochromator is shown in Figure IT.9,

iLskek . Bight Source

4 requirement for an ideal ultraviolet light source
is its capacity to smit a continuous ramge of wevelengths
with o2 uniforn intensity distribution. ‘adiation fronm an
elegtron aynchrotron is such an 1deal source {¥ad&en and

Sodling, 1965).

A high current discharge of different gases through
a nerrow tube would provide a "many-lined' spectra with
e continuous range of wavelengtha., “ut the large flucte
uations of 4ntensity with wavelength would be a great

limitation against our rcguirement,



Pip, IT.,9 Genersl view of the spparatus used to

record photoelecotron spectra.
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The excitation of the emission continua of the rare
gases {Tananka =zt al, 1958, 19623 Huffmen et sl. 1955;
tilkinson et al., 19565) was found *o provide lamp sources
¢loss to the Ldeal ones. In 2 discharge through differ-
ent rare gases ot pressures of the order sf 50 nen. of Hg,
diatomic moleoular ions are formed in thelr bound first
exoci ted state. The continuuam 1s due to the treanaitions
between thiz state and the unatable ground stete of the
ton. The Jopfleld vontinuum of helium {Hopfield, 1930)
has a useful intensity in the range 600 to 10603, neon in
the range 7.0 to 1000%, ergon 1070 to 1600%, krypton 1240
to 17008 and xenon 4470 to 1900%,

The 1ight source used in the jresent work was cmis-
sion line of helium at 56LY and the Zopfield continuum of
helius. For both ceses, & high current density wes
required snd this wes supplied to the lemp source in two
different modes, For producing heliuam 5848 line, ".C.
pode was used (Fizure ¥Y1.,10a)e In this, the lLamp was
supplied with a high voltage, 15 keve through o series
resistance used for stabilirzing the discherge. UVor pro-
ducing the emission continuum of helium, high current
dengity was provided by using 2 cendensed spark dlscharge.
The cirouit diagram showing this is given in Figure TI.10b.

A Pfew condensers in varallel were charged througk a series
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resistance and diacha rgedthrough the lemp via a spark
#ap between tws rounded tunrsten clectrodes. “he spark
wes stabllized by injecting a jet of connressed aly
through the gap snd by i1lluminstine the zap by UV radia=-

tions from 2 quarts mercury lamv.

The emission continuum of heliunm ob served is shown

in FPigure TI.11.

1ls2 Creration of the “pectromeier

IIs5.,4 Grid “oltazes

The first spherieal grid wss kept at zn =erth poten=
tial 80 &8 t0 provide for the photoelectrons emitted from
the point source, a field free rezion between the zrid
and the source., & sweeping retarding voltaze ranging
from s slightly positive voltage to =45 volts was applied
to the spherical grid. This grid, due to the noture of
the potential applied to it, would be called from now on
the retsrding grid. To the third grid, which was plane,
o positive potential was applied tc ensure that all the
electrons which penetrated the retarding grid, were

collected,sc the name colleoting gzrid.

To have &2 knowludge of saturation charsoteristics
of' the collecting grid, measuresents of eleciron count

rate corresponding to differeunt collecting voltazes foyx
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sers retarding potential were made. A plot of the two
variavles (Figure TI,12) shows that the electron current
was {sirly constant for the eollecting potentials between
12t0 17 volts. B30 during all the experiments, the collect~

ing potential was kept at 17 volts.

The retarding potential applied to the retarding grid
was in the form of a negative golnz staircase with 100, 200
or 400 steps of variable heights in accordance with the
number of channels used for storing the energy spectra of
electrons in the 400-channel pulse height analyser (RTDL
model 34«12 B). One step corresponied to one channel and
as the satep of the staircase advanced, an arrangement was
made to advance the channel simultaneously. This could be
achieved easily by using the multi-channel analyaser in

time mod ¢.

The broed principle of the operation of the spectro-
meter 18 shown in Figure IT.13. The spectrum of electron
enerzies for xenon gas was scanned by sweeping the stair~
cases lineerly with time, The curve stored is shown in
Tigure IT.1ks This curve, a plot of eleciron current as
a functlion of retarding potential, is the¢ integral of the
electron energy spectrum because all electrons with energ-
ies greater than the retarding potentisl are detected.

The curve consists o»f two steps, onc step for each discrete
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energy present in the spectrume

The integral spectrunm does not give 2 falr idea of
the low energy nolse of the spectrometer. S0 the 4if=-
ferential spectrum 1s required. The numerical differe
sntial being tedious and time consuming, the electronic

differentiation has been attempted.

TTe542  Flectronic Differentiation of the Integral

Spectrums

A sguare weve wss superimpoased on the steps of the
staircase symmetrically witk the step passing through
the centre of the square wave, Two pulses of same Jimen=
sions and frequency as the square wave but opposite in
phase to easch other were fed o the add and subiract modes
of the multi-chennel pulse helght analyser. 7o have &
better understanding of the electronic differentiation,
suppose one step of the staircase correspends to 2 volts
of reterding potentials. A square wave is superimposed
on this step so that 4/L of a volt is on esch side of the
steps This step corresponds to a certaln channel. In
this channel, the number of electrons coming out with
energy between 2 and 2 1/4 volt will be added and number
of electrons with energy between 2 znd 1 3/4 volt will be

subtracted, the pumber of add and subtract vperations
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depending upon the aspeed of the channel advance. The
same will Le repented in the ne xt channel which corres~
ponds to some other value of the retsrding potential and

80 QO

To ensure that no spurious counts are recorded during
add~subtract charge or channel sdvance, 2 gated pulse is
required to feed the detector gate input of the pulse
height analyser, Figure [I.15 shows = 20 microsecond
pulse used to gate the detector, Halfway through the
20 microsecond period, the flip-flop is fired to charge
the add-subtract mode snd sdvance the channel address,
Thus the tetector sate is 10 mnicrosecond shead of the
add~subtract and channel advence front sdges and is 10
mivrosecond behind if the time for these front edges is

neglected (Figure TI 16},

The differential spectrur for xenon was recoar ded
using the electronic differentisting technique. The speo~
trum shown in Tigure IT,417 is the result of many s cans.
The spectrum from only one scan would be of poor guality
because of large amount of nolse genersted at the spark
gap of the power supply for the monochromstor lamp,
‘ufficient aversginz of the noise was achieved by having
several scans, This was done by resetting the staircase

automatically after each scan using a reset pulse from
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the pulse height analyser which resets the binaries of

the stalrcase after 100, 200 or 400 channels as required,

11,6 rerformance of the [pectrometer

The specira of different zases for the two experie
menta, partial photoionization oross-~section and euto-
ionigation phenomena desoribed in chapters ITT and IV
respectively, could be interpreted only after several
characteristics of the spectra had been studied. These
included resolution of the spectrometer, its collecting

effioiency and calibration of the cnergy socale,

1l.6.1 fesolution

The resolution of the speotrometer was delined aa
the full width at half maximum of the peak produced by &
monoenergetio electron source. The half #idth of the two
xenon peaks was taken az & measure of the resslution.
This was found to be~ O- L volts in each o ase (Figure
IT.47) with 5842 photon radiation inoident on the gas,

giving pesk energies of 7+7 and 9°0 esve

This resolution was obtained with the best operating
conditions of the experiment available., The sxit alit of
the moncochromator was 200 microns wide, giving a bean
regolution of 1*6? which corresponded $o sn energy spread

of 0°+08 s«ve. a8t 584 2, The small bear resolution limited
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the height of the square wave superimnosed on the stalr=-
case step, which affects the resoclution, to & minimunm
of 0*1 volts. But to increase the electron eount rate
for better statistios, the aquare wave height could be
inoreased up to 0*2 volts without much loss of resolu-

tion.

Hany other factors were also affecting the resolu-
tion of the gpectrometer. The fundamental assumption for
constructing better resolution spherical grid systenms
was to produce photoelectronsin & small volume at the
centre of the spherical grid system o0 that initiel
ejection was always perpendicular to the retarding field,
“yery care was taken to produce slectrons in & small
volume making the diameter of the hole (Section II.k,1a)
in the best limits of our theoretical caloulations., But
there was & glizht possibility that the spherical grids
due to the problem of their mounting were not exactly

aligned with the electron scurce gz the centre,

GCther factors with different effeots on the resolut-
ion were the sontsct potential in the grid wires and
their mounts, negligibly small distortions of the grids
from spherical foras and the veriation of the poiential
of the space between the zrid wires from that of the

wires.
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Yor the investigation intoc the asutolonization

&

phenomenon; the spectra obtained lor different gases

were under the same experimental conditions as guoted
sbove, Fut fcr the meacsurements of pariial photo-
ionirzation ¢ross~sections, some of the resolution was
sacrificed in order to improve the noise to signal ratio
in the spectra. The nonochromator exit slit was increased
to 1000 microns, glving a beanm resolution of sbout af

(033 #.v. energy spread at 58&3).

I1.6.2 inelysis of the Yoncenergetis CSpeectrum

The photoelectiron spectrum of argon &s shown in

Tizure T1.18 choved a single pesk at the energy squal to
the difference of the photon energy end the ionization
rotential of argon. The resolution of the spectrometer
wes adjusted to get only one pesk, & combination ef the
two from the doublet ground stste 2?1/2,3/2 of the argon
ions 7The spectrum obtained had slso & small ares of low
energy. lany posaible remsons for this low energy por-
tion of the spectrum were investigated., Fffects such as
electron collisions with ges stomse, aexistence of nagnetic
fields were posit ively nageated by the édifferent experi~
mental approaches used. The remaining possible origin of
the low energy part of the spectrum was reflection of

cleotrons &t the grid surfaces esnd the secondary eamission.
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“or the purpose of assigning the low snergy part to
the different peaks of the spectrur of various gases,
the spectrur of argon was divided into two parts. The
first was a syumme trical peak, merked A and the second
was the remeining low energy part, marked B, which was
thought to be due to electron reflection and secondary
emission from grid surfaces, Vith the aasumption that
the peak shape fiepended mainly on the perk energy, the
retio of areas B end 2 was veasured over a range of pesak
energy (Figure 11,19}, This calibration curve is & goud
tool for unfolding ocomplicated spectra. The plot of B/2
szainst peak energy of ergon wrs compared with that of
zenon and molecular hydrogen. They were found to be in
rcod ngreement showing that the spectrum chape 4oes net

depend on peak width,

The energy scele of the spectrometer sl so needed
some sort of calibration. This wes zgaln done using the
argon peak 58 a stendard. Inm Pigure IT.,20, ‘he predicted
peak energy wss plotted againzt messured peak energy over

a range of vphoton energy,

ITe6e3 _ Flectron Collecting ifficiency

{ne of the possible sources ¢f errcor in spectrs is

the varisztion of clectron collecting efficiency with
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electron energye In order t¢ avoid +his error, the
collecting efficiency hes been weasured as a funetion

of incident photcn wavelength, usimg cargon as the source
of monoenergetic photoel cctrons. Fhotoionizaetion vield
of zrgon being constant {Samson, 1944), the npparent
changes in the yileld would =ffect the slectron collecting

efficiency of the spectirometer,

is shown in Figure II.21, the photon beam intensity
Ix measured at the end of the tube can be caloulated in
terms of incident photon bean intensity I, and the dif-

ferent distances x,, X, and X3« This ia given by

Is & Te evk(xq + EBr o+ X:)

The number of gleoctrons produced in the terget ares is

caleoulated as

n = Iy -1
e L § *

- Ic[ek(x, * xs)_ek£3]

where k, the absorption coefficient of zrgen, depends
upon the inocident photon wevelength snd the pressure
which 1a lkept constant throughout the experiment. The
raztio of the number of electrons collected by the channel
electron multiplier to the number of slectrons produced

in the target area, would give electron collecting
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efficlency. 7ts varistion with electron energy is shown
in Pigure 17,22, The collectingz efficiency of low cnergy
electrons as shown in the figure is slightly hizher than
that of the high enerszy electrons. The &rall veriastions
which occurred indicate that no acrrection factor is

necessary,
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CHAPTER IIT

PARTIAL FHOTCIONIZATION CROSS=3ECTIONS

IIXe14 Carbog Dioxide

The presence of carbon dioxide as one of the
major constituents in the Venusian atmosphere (Shimiszu,
1966) necessitates the experimentsl investligation intoe
the photoelectron spectroscoplc aspect of the gas, Thise
will assist tg have s better understanding of wvarious
seronomical phenomena occurring in this plenet visz, the
partial photoionisation rates at dif ferent altitudes of

the Venusian ionosphere and electron temperatures.

The photoslectron spectrome ter described in chapter
TT was used to obtain the energy speotra of the ion. The
speotra obtained, in general, consist of several peaks
which can be identified as the ground state and other
exolted states of the moleocular ion, These spectra were
snalysed to obtain partial photoionization cross-seotions
for the different states of the ion, l.,e. the contribution
of different states to photoionization. The variation of
partial photoionization cross-sections with photon wave=~
length was also obtained by recording speoctra et different

wavelengths.



ITTs4e1 Fhotoelectron “ner

The photoelectron aspectra for C0y were recorded
et 5842 and £t wavelengths between 6008 to 7208, This
was achieved by using the Hopfield cortinuum of heliunm
26 the lizht source, The beanm resclution was kept at
82 put the spectra were takern 2t 59 intervals, The
carbon dioxide was of 99¢9" purity and wes used without
any further purification. The operating pressure in the
spe ctrometer chaumber, as measured by an lonisgation gauge,
was 9 x 10°% u.me but the pressure inside the tube used
as the source of photoelecirons was considerably higher

("'9 x 10‘3 nm-).

As en example, the spectrum at 6058, recorded under
ths above conditions Ls shown in #Flrure IIT.1. This
spectrum shows four photoelectron peaks, esch one of
which was icentified with one of the states of the singly
charzed molecular ion. The pesk position of each state,
the photon energy snd the energies of the different eleo-
tronic states of the ion, as measured by other experl-
mentalists or predicted by theoretical oaloulations; serve
to 1dentify the pesk, The half-width of the different
peaks was found to be about 0*5 e.v., indicating that the

vibrationsl structure of the diferent bands was unreassclved,
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Some resolution hed to be sacrified in order to get a
satisfactory signal to noise ratio. The maximum of the
unreszclved bands may or may not correspond to the lowest
vibrational level of the state, giving adiasbatioc or
vertical excitation potentials of the states respect~

ively (Franok=~Condon principlel.

The energles of different electronlc ztates of the
ion were measured oxperimentally by Tanaka et al. {1960).,

Al=Joboury et al. (1965) and Turner and May (1967).

*

Tanaka et al, found the energies of the 'ng, *z; and '38

states a8 1378 e,vey 18+06 eave and 195+39 o,ve. respec~
tively. Slightly different results for these three states
wvere reported by Al-Joboury et al, who observed energies

gt 13468 e.ve, 1808 ey v. and 19429 €, v, respectively,

Strong evidence for the existence of the ﬁnu level
was given by Mrogowski (1941, 1942, 1947) with 17+32 e.v.
as the reporied energy value of the state, fulllken
(1942) also suggested the existence of this state but the
energy value quoted by him was quite vaegue (>17+1 eav.).
Turner and ¥ay (1967) confirmed experimental ly ¥rosowski's
results snd reported the adisbatic excitation potential of

the stote at 17232 e,V

The spectrum of osrbon dioxide at 6058 (Figure ITI,.1)
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shows the peak positions tc be in reessonzble agreement
with those of 2leJoboury et al., Tunaka et al, and
Turner anc Y%ay., ihe highest energy peak occurs at 6+8
e.ve Tt 183 mssumed that the sero vidbrational level of
this band oocurs at the peak position in accordance with
Turner and ¥ay's Tindings, The 6+ e.v. peak corresponds
to the ground eleoctronic state 2ﬂ5 of the lon, giving
13+7 eev, 88 the snergy of the zground state of the ion
from the ground stete of the molecule, The second peak
has an energy of 3*2 e,v.y giving the energy of the
electronic state of the ion as 17*3 se.ve This conlirms
the predicted state ’H“ of Hrosowski and shows & good
agreenent of the excitation potentlal of the state
observed in the present experiment with the results of
¥rogowski and Turner and ¥ay. The third peak at 25 e.v.
gorresponds to *E; state and is ebout 3 ' in acouracy
vith other results., The fourth peak in the spectrum at
1+3 e¢,v, corresponds to the ‘2; stete of the molecular

ione

IIT.1.2 YUnfolding the Upectra

The interpretation of the photoelectron energy
spectra of orrbon dioxide in terms of partial photo-
ionization eross~-seoctions required the messurement of

area under the spesotrum associated with each peak. It
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was sssumed that the spectrum was equivalent to the sum
of severszl monoenergetic speotra with the shape shown in
Fizure IT,418.For purposez of unfolding the speotra the
srez {A) under the most energetic peak was measured with
& planimeter., Ffnowing the pesk ecnergy from the pectrum,
the area under the low energy side (B) essociated with
this peak was calculeteds This was schieved with the
help of the curve of B/A against peak energy (Figure
Tie19)s In this way, the areas equal to the caloulsted
value of B, was fitted to the low energy slde of the
peak by & trial method, keeping the shape of the low
energy sice of the pesk the same as in Figure TI.418.
“meh succesaive peak in the spectra of esrbon dioxide

was trested in the same manner.

Assigning the total areas of two peaks juat resoclved,
88 ’Hu and ’B; states in this case, i1s quite complicated,
For this, the knovledge of the shape of the two peaks is
essentinl, This was achieved by teking the spectra with
the retarding potential on the grid between =2V and =4V,
spresding the two peaks over 100 channels of the nmulti=-
channel enalysers The shapes of the peaks now belng known
in “etail, the areas under low energy slde of the peaks

could be easily determined,
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I7Te1+3 EBranching Jatios

Y

The number of ions produced in each stete was
assumed to be directly proportional to the area of the
spectrum which was assoclated with the corrcssponding
neak s The messurenent of areas associated with differ-
eat peaks as & function of totel srea under the vhole
spectrum would zive the percentage of ions in their res-
pective slectronic states, Thic was defined as the

branching ratio of the stete.

?or better understanding of the branching ratios,
the speotra of carbeon dioxide mt diffarent wavelengths
needs to be dlscussed. Tigure ITI.2 shows speotrun at
ﬁgsﬁ, This spectrum contained peaks corresponding to =211
?sur alectronic ststes 5 the Lon, 43 the photon wave=
length increased, the peaks sended to shift towards the
low energy side of the specirum, keeping constent energy
difference between different peaks. it 6553 (rigure
TiI+37, the peak corresponding to *8; stete seered to
vanish, indiceting the threshold energy of the state to
be between 19+2 to 19¢3 e.ve ¥Figure IIl.k shows the
enerzy spectrum at 7002 which indlcstes the presence of
only two peaks scrresponding to *ng and ’ﬁu ptetes, At

729& (#izure IIT.5), only ground electronic state ‘ﬁg is

shown to exist.
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The plot of branching ratios ageinat wavelength is
shown in 7igure TIT.S The branching ratios of' the ground
stete of the nolecular ion {‘ﬁg) were found to be falrly
constant in the wavelenzth region of 58,8 to €758, 1In
this region, the Yranching ratios varied from 2L° to 287,
28 the wevelengt: increased, the percentaze of ion forma=-
tion in the state sterted inereasing almost exponentially,
¥rom 7208 to the threshold enerpgy of 'ng state, the oon~
tribution of ion formation is limited only to the ground
st:te., In the *H“ state, the branchinz ratlos varied
from 197 to 23 in the wavelength regioen of 58.% to 5758,
The maxiumum for this state (50) ocorresponded to the
photon wavelength of 7003. The relative ion formation
in ’S; state increased slowly up to 670% which corres=
ponded to the maximum relatlve transition probadbility.
The branching ratios of *E; state varied from 10 to 12
in the wavelesngth region of 58L% to 6252 after which they

decreased repidly.

I1Xe41ek T'artiel Thotolonizetion Cross~Depgtions

The partial photoionlgation erosa~sections of 4if-
ferernt Sonle pstates of C0p were obtained by conmbining
the branching ratios of Tigure TII,6 with the total
photolonizntion croass~seotions. The total oross-sections

of CDy reported by fook, Yetzger and Ogawa {(1966) were
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averaged over 8% intevvels to cbtain 2 resolution equivae
lent to tvabt used in the present work., The total photo-

ionigntion cross-seatione so obtrined and partial erosse~

sections se & functlion of wavelength are shown in

TeT

T"“i{;\l 1’."& LLi e .

TITI.2 Cerbon ¥onoxide

Thotoelectron spectra of cerbon monoxide were
obtained in the range cf 600f to £55% at sn intervel of
5ﬂ end also at 5848, The aif ferent processes occourring

are given in Table IIT.4.

TARBLE TTII.4

Cnrbon Vonoxide Thotodigintegration Procvesses

Appesrance Potential (esv.)

rrocess Turner et al., |Teox et 8l, | ipectro-|Fresent
{1966) (1954) sgoplo York
(v} (a

co {x'z%) + hv

-+ 07 (122%) &+ &7 14°00 15,4 1L004 14,0
-+ cot (atn) + &7 TR 15} 1553 168
-+ 00% (B22%) « @ | 19455 1940 1957 197

(a) Tanaka (1942)
Takamine et al, {1943)
Lindholm (1954a)

(p) TFleotron impact experiment
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‘able L7I,1 ghows the valurs of aprearance potentinls
for 227, 2% snd 825% states obtelned in the present
oYk to be in Jfaeiyr egreement with thoge of Turner et al,
and Tekavine, et al, The electron impact experirent

Fox et ai., givesz low values for the three states,

A phot oelectron speectrum of c¢srbon monoxide =t
58&% is shown in ¥igure ITT.8, “The X*L* state was found
to have & band width of the same order of the beam resolu=
tion, indlcnting the presence of only 0~ O vibrational
state, The A and %%2%* bands had unresolved vibrational
structure, The fourth pesk which was obteined only in e
few spectra 2% photon wavelengths 58&3, 600X ana 6053,
appeared a2t 0+5 e.v, corresponding to appesrance potential
of about 20*7 e.vs This peak sould not be Ldentified, It
may be associated with the phenorenon of dissociative

photcionization »ith a process similar to the following:
co(x's*) » nv = ¢ (%) + O(3P) + &

Teissler ¢t al. (1959) reported the appearance notential
of CY(*I) as 2243 e.v. & O¢h e.ve 4 plnilar digsooiative
rhotoionization process ig thought to explein the fourth

@E&ku

The photoeleotron spectrum of *he isoelectronic
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molecule, nitrogen at 564F 1: ghown in Figure ITT.9,
The cloce resemdlance of thles spectrum to that of carbon
monoxide (Figure ITI.8) at 55&? can be seer sxcept for

the peak sssigned as due to disscciative Jonizaetion,

in “Lzure Lil.,10 iz shuwn the photoeleotron spectrum
of carbon monoxide ot 570%. ©nly two peaks, correspond-
ing te the x25Y ena 2?1 states, oan be Beene “lzure
T "Te14 heing the svectrun of CC a% 7502, vhows the gt
state and a narrow band of the A*N state comprisinz of
5 few vibrational levals exlsting at this photon wave-

length,

T1Te2¢1 Autolonimation Frocesses

4t photon wnvelengths chorter than 8552 there was a
low encrgy contribution to the photoelectron spectrum.
"his could be attributed %to transitions in which, for a
particulsr final state of the ien, all the exce.s wneryy
15 carricd by photoelectrons. Eetween 7558 and U558, the
photoelectron spectre showed a strong peak st about 0O+3
6.V, whioh 31d not seem to very in position with incicert
photon energy. GComs of these spectre are shown in
Figures 171,92 and TII413. This pesk wes found ic be
present 1a rpecira between 750% to 750% wut was not

i

resolved from 223 state., Ceareful investigetions showed
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that this low energy anomalous peak was not an instrumental
effect., It was ocbserved for CU under all experimental
conditiona, inoluding a variety of CO pressures but was

not present for other gases such as C0p, Ar, Xe eto.

The explanation for the low energy sanonmalous peak
also observed in some of the spectra of moleoular oxygzen
was given by Blake and Carver {(1967)s, This peak was
assigned as due to & fluorescent sutoionisation process
in which part of the energy was dissipated in the form of
a photon with the subsequent emission of an electron to
the nearest slectronic state of the lon, Thls was con=-
sidered to be the only possible explanation beocause it
was thought that there were no energy levels avallable
which corresponded to the position of the low energy
anoml ous peaks ©On the basis of a new argument now sug-

gested, this previous explanation sesms to be unnecessary.

The new explanation for the low energy anomalous peak
is based on the assunption that the autolonizing state
1ies just above one of the eleotronic states of the ion
and has zot the same shape snd depth as that of the ionie
state, In figure III.14 are shown the ground states xtg*
and X*:* of CO molecule and GO ion, The CO sutoionisa-

tion state 1s shown approximately 0+3 e.vs above the
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X®2* state of tne ion, For direot ionization not
involving autoionization state, the transition from A

to I is most likely 1n acoordance with the franck-Condon
principle apd transitions like this give the most ener-
getlic of the peaks (peak I). Other trensitions involve
the a2utocionizing state which is exolted in one of the
vibrational levels. On sutolonlization, the treansition
Cto 7 is most probable, Another transition with dif ferw
ent photon energy is aslso considered whioch wives rise to

peak 2,

Cook et. al. {195 ) reported total photoioniza~-
tion croas-sections for O showing many peaks over the
photolonigzetion continuum., Zome of these pesks are
thought to correspond to the vidbrational levels of the
autoionising satates, Tt is only when the photon energy
coinoides with that of a vibrational level that excita-
tions %o pgive transitions as explained above can oocur,
[The measurement of high resolution spectra on and off
the gsutoionization resonances iz being attempted to
establish the mabove explanation. Franck~Condon factors
to reproduce thess spectra are also being calculated as

in the case of nolecular oxygen (chapters IV and )1,

I1I.,2.2 TFartial Fhotolonization Cross~Sections

The branching ratios of ¢srbon uwonoxide ion plotted
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against wavelength are shown in Filgure III,15. The
electronic ground state (X?Z%) of the ion hasz branching
retios varyinz from 327 to 42  in the renge of wave-
length 5842 to 7308, Beyonda 730%, there is a rapid
increase of the branching ratios with a maximum of 7603@
A decrease tetween 760% and 780% is noticed but beyond
this, there is a repid increase of bdranching rstics., At
&55? and higher wavelengt s up to the threshold of xrgt
state, the branching ratio is 1007 in’iecating the pres-

ence of the zround state only in the photoeleotron spectra,.

The branching ratios of AN stete of the ion are seen
to inoresze slowly in the range of 584 £ eana ?252 with a
broad maximum near 7208, After 7252 there is s rapid
decrease of branching ratios. At 7608 ana beyond the

A%l state does not exist,

In the oase of B*E® state, the branching ratios
seen to vary between 117 to 18”7 in the range of 58,8 to

6208 while from 6258 omvards s rapid decrease is observed.

The branching ratics of the autcioniszing state are
also shown in Figure ITT.15. A maximum at 7808 is
observed and fronm 7853 onwards a slow Jeorease up to

%503, followed by rapid decrease, is noticed,
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The

"artial photoionization cross-sections for the aif=-
farent processesz are caloulated by combining total
oro ss-sections (Cook, Yetzger and Ogawa, 1965) averaged
over 83, the bear resolution used in the present work,
and the respective bdbranching ratios of different pro~
cesses as shown in Figure I7T.15. The plot of the partiel
photoionization cross~section agalnst wevelength is shown

in Tigure ITT.,46.

III.3 Nitric Oxide

Fhotoele stron spectre of nitric oxide were recorded

at 5&#3 and at 53 intervels throughout the wavelengzth

range 5903 to @053.

The energy levels of the nitric oxide ion which are

energetioally socessible are listed in Table TT1I,.2,

TABLE T1T,2

Nitric Oxide "hotodisintegration ‘rocessss

Threshold Fnergy (e.v.)

Teaction 'T*Gilmore T**?urner and Yay I#* Prosent
- (1965) (1966) Tork
qo(x*n) + he '
- ot (x12%)ee” | 9r2n 924k 97
» n0%(a%2% )se” | 1ke20 1565 Not observed
- 20 (Pa)ee” 1651 16+52 16+5

- 0t (At )se” 18¢34 ‘ 18+26 183
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* Theoretical

** ¥xperimental

T rdiabatic zxcitstion potentials

; Tertical excitation potentials

“ome of the photoelectrons may have ressulted from

processes of dlssociative photolonigation which oocurred
when the ion waps left with an amount of vibrationsal
energy grester than the dissocliation energy of the el eo~
tronic state of the ion, The ion then dissociated within
a8 time of the same order of magnitude as the period of
vibration., Tissociative lonization mith the production
of ¥(*5%) and 0%(*s®) fragments is & possible source of
some photoelectrons at photon snergies exceeding 20°1 e.v,
Photoele otrons produced by dissocciative lLonizetion would
be difficult to distinguish in the present experiment
where they will meake & low energy contribution to the

photoelectron peak corresponding to the NO*(A'N) ion,

Table I1!I,2 shors that the excitation energles of
the >A and A'1l states of the NO ion observed in the pres-
ent work correspond fairly well with other published
works. The vertioal ionization potentisl of X'I* state
(947 ceve.) sorresponds to the aversge of the 1« 0 and
2«0 vibretional level., The nzture of the photoeleotron
spectrum from nitrie oxide iz illustrated in Figures

I11,17, 18 and 19, There is a good deal of disagreement
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in litersture about the a’t? state, Turner and Yey
(1966) sssign this state as ‘2%, Samson (unpublished)
has reportecd an energy of 15+0 e.v, to the a®L" state.
The photoelectrons have been identified with particular
¢ransitions on the basis of their energies. Fhotoelec~-
tron groups corresponding to transitions to the X‘E*,
3: and 2'0 ctates of NO¥ were clesrly resclved in all
spectra where they were energetlcslly possitle. %o phot o=
electron pesk correspounding to trencition to the o3zt
ctate of Y0 wes ¢istinguished 1n sny of the cbserved
spectra despite the Tact that =& peak with this energy
lying between the 7*t* and ¥2 peaks shculd be easily
identified,

Photoelectron spectra of MO at 610% 13 shown in

Figure IIT.17 which illustrates the ¥'2*, *¢ and a'nm
atates of the ion. Approasching wavelengths higher than
590%, the pesk corresponding to 'l state of the ion
starts di sappesring (Figure IIXI,18) as zeen in the
spectra at 665&. At wavelengths greater than 6002, peeak
due to 4 ztate also starts dlzappearing as shown in
Plzure TITe19 at 7258, At wavelengths greater than 730%
only the ground state (X'z*) of the ion is observed,

provided direct ionisation takes plece,
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IIfe3¢1 Autoionization Processes

At photon wavelengths shorter then 8052, a2 low
energy contribution to the photoelectron specire was
ob served. This could not be :ttributed to transitions
involved in direct ionization, BRetween 7608 and 8058
and between 6652 and 720%, the photoelectron speotra
showed & strong peak at about 0+*5 e,v., which does not
seen to vary in position with photon energy. Some of
these spectrs are shown in Tigures TI1I,20 and 21, This
low energy peak, explained in Section IIT.2.1, is again

not &an instrumental effect,

Thie peak could not be explained on the basis of
Franck=Condon principle as Oy (chepters IV end V) and
0 (mection IIT.2.1). Tt 12 believed that the low energy
peaks obgerved in some of the spectra sre due to fluor-
escent sutcicnigation. Then the molecule is excited to
a quasi~stable state, the ctate must be sufficiently
locg=lived for fluorescent auvtcionigation to ocour to a
lower gquasi-ctable state end the tranasition to the ionisze-
tion continuum is from this state, This process is illus~
trated schematically in Figure IIT,22, A cascade of
fluorescent transitions with some probability of s trans-
ition to the ionization continuum from geveral of the

quasi-stable states, ooccurs. This explains why the peak
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due to a fluorescent sutoionirzation procecs does not

very in position with incldent photon energy.

TIT.3.2 Fartial Cross-‘ections

The branching ratios for the X':*, *A sna A'N elec~
~pronic states of the N0 ion have been ueasured in the
sape mannsr as for COge For the low energy fluorescent
autoionisation peak, the branching ratios have al so been
caloculated, Figure ITII.23 shows the plot of the branch-
ing ratios for &ifferent competing processes against
wavelenzth, The only results with which the measuranents
of the present work may be compared are those of Yroom
{1964) reported st only one photon wavelength, viz. 58#3.
A comperison is shown in Table T7T.5, At this wavelength
the brancaing ratios for ¥'2%, *4 and A'0 atates as given
by Yroom mre in the ratio of 1 ¢ 2«8 ¢ 1+4 as against
1 : 2#9 : 2+8 for the present work, neglecting the con=

tribution of a’z* and sther siastes,

TABLE ITI.3

Branching Retlos for Different “tates of not
8 §8§3
“tates Branching Ratios
Vroom (1966) | TFresent ¥ork
xtz? 0-356% 0°15
a3zs” Q06" Not observed
24 100" 043
A% 0e51* O*h2
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*helative values for several but not =11l the
states,
There is & {rir sgreenent in ‘he two cases for the xig*
end *A eleotronic atates but for A'Il ztate, the value

reported in the present work is qulte high.

7Tor V5% state, there it a general trend towards
inereace in the brenching vatios in the wavelenzgth
region of 56&3 to 735 g, +he variation belng between
107 gnd 25 °. /% wavelengths grester than 7358 the
branching ratios incresnve quite rapidly, astteining e
constant value of 1007 at g10%2 up to the threshold wave~
lenzth of the ground state. The 34 state has a wave=
length threshold et 7602. & rapid inerease of branching
ratios towards zhorter wavelengtha (< 760%) is observed
with s maxinmus {(~60°) at 7#53, Tfollowed by & alow
decrease at wavelengths shorter than 7408 down to s60%,
In the region 560% to 58&3, the branchine ratios of the
35 state vary between 35  and A5 The A'Nl state was
observed at a few wavelengths betwaen 584% and the
threshold wavelength, 5658, The branching retiocs for

the fluorescent autoionisation process show two maxinma

at 6702 ana 765%,

Tartial photoionization cross-seotlons for the

various sompeting proccsses were caloulated by combining
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the branchine ratios (Figure 7IT,23) with total photo-
jonization cross-seotions. No messurenents for absolute
cross-sections were attempted with this apparatus. The
values reported by etuzer, Gook and Ogawa {4967) were
averaged over 22 80 25 t¢ mateh with the resolution used
in the present work. The plot of partial photolonization
eross~seotions against wavelength 18 shown in Plgure

IIle24s

LTIeh Bitrous txide

thotoelectron spectra of nitrous oxide were recordied
ot 53 intervels throughout the wavelength reglon hetween
6308 end &570%, The @ifferent photodisintegration resctions

which are accessible nre listed in Table ITTT.A

PABLE IILek

usepouns Uxlde ‘hoto

i1 sintegration ‘esetions

Threshold Fnergy (e.v.)

Fesctioun Turner and “ay Fresent “ork*®
(1967) *=
Ky 0(Ground HStaote)+hv
+ ¥ 0t (*N)4e” 1290 1246
- mgo*('3:)+e' 1640 160
- N0 () %se 1756 1843
- M 07 (B)*e” 20+08 20+4

%A apnd F are the arbitrary names of the third and fourth
exolted states of N,O*.

expgiabatic excitation potentials,

sesVertical ezoltation potentiala,
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The *H, 'E; and B states of the M, 07 ionhave the same
sGisthatio and vertical exeitation potentiels fud the A
state of the ion with 17+66 ae.v. ag sndisbatic potentisl
has the vertical exeitation potuntial of 18°1L e.v,
(Turner and ¥ay, 1967) which is in fair sgreement with

that reported in the present work.

The photoelectron spectra of nitrous oxide at var=
ious different wavelengths are shown in TFigure IT1Te25,
26 and 27. At 6003,33 shown in Figure 111,25, the photo-
electron spectrum consisted of four bands correaponding
to *1, ’E;, A and B states of the M¢' fen. The vibra=-
tionsl structure of the bands is nct conpletely resolved
because of the resclution used in the present work, The
band corresponding o B state of the ion does unot sppear
in the photoelectron spectra at photon gavelengths 6208
and upwards. The spcotrum al 6657 ocomprising peaks of
®l, ®I} and 4 states of the lon, Is shown in Tigure
T11.26. The photoeleetron spectrun a® incideut photon
wavale ngth of 74,52 (figure III.27) shows only ®1 and
25% pandse The W' state of the ioxn does not exist in

the speotra at 700? and beyonde

Ain snomalous peek not due to direct ionization
ocours at an clectron energy of 0+2 e.v. in the photo=-

eleotroen spectre of N0 1n the wavelergth reglon 420%



- s

— w

PR =

TNV e e
4

/“'O-—"’”

‘

~r

Vo ik e

- - B . N
\J e i3 ~ -
v vr — i oy
LU R il Duvaasas NewVas,
e S PN O TN oy b Y 3 AT S f
AE=r e T oy s e e P ST TONP PN o ~ -
L igme addacs » FLOUISLOCTDIN QLLrDy IneEd OO0 G v L



s

ol

Uni

1

ry

itra

Ll

—
-
e TSR
PRAPEESEN
s O
P 534 2
~
(r\
T O
Vel
o
<, ©
n S 0__.1_5—9‘9
Ju vy S “ )
O LU 1 [ - N i ]
()
Oy - A i
o -4 u

! \

A L ey aenae e I
FlLooTituin shiawd \TeVa,

TS w T 51 o R R N " v e e
‘)"-"b" 1dl elUs L 4G0LTCI24CCCIS0 :_;ﬂ\_‘.‘,{_‘u-
~ Oy oad S| MY
Vi an Vo GOy L ™
“
A



f D
¥ \aruitrary

,
H
L

I/«

~
O RN

-, 4
2V

Falls

2
-
)
58
£
)
con A
W
: "
H IR
- v = | -
e r ~ -5
PR T VIRV B TSR N,
T2l Ty e T s Ta e SRS ot 4
Lii.0%. Photcelectron onorly zy T4




82,

to 565% and also at photon wavelengths between 765%

up to the threshold wavelength of the electronic ground
state of the ion at an electron energy of ~0*3 e.ve In
Pigure T71,28 18 shown the spectrum at 6408, Three out
of the four peaks shown correspond to *I, ’S; and A
states of the 1on but the fourth peak st 0+2 e.v. corres=-
pond to the anomalous peak which does not shange its
position with the chsnge in incident pheoton wavelength.
At wavelenzths greater than 6603, ne anomalous peak can
be aeen in the photoelectron speotra. Figure ITII.29
shows speotrum at 8208 with two peaks, one corresponding
tc to Nl state of the ion and the other is the anomalous
pesk at » 0°*3 e,v. which also does not vary in position

with photon wavelength.

This ancomalous peak, observed in two wavelength
regions in the photoeleotron spectra of Ny 0, is ettri-
buted to the process of fluorescent szutoionization. The
process which occurs in XC also hes been explained in
Section ITT+3.4. One of the quasi-stable astates of the
molecule, to whioh the incident photon exoites, emits a
photon or cascade of photons with the subsequent enis-
sion of en electron to the ®*N state of the ion., This
expleins the snomalous pesk observed in the reglon of
?652 onwards., The other anomalous peak could be explained

in the same way.
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At wavelengths betweean 8?5@ to the threshold of the
electronlic ground state of the ion, the photoeleoctron
speotra show an unresolved broad band ettributed toc the
direct ionization to the *N state of the ion ané the

flLuorcascent sutolonization,

ITIehhad Partial Crosa=-Sections
The branching ratios for the *Il, ‘Ez, A and B states

of the ion have been measured throughout the wavelenzth
region of 600% to 8703. The branching rastios for the
fluorescent autoionigation processes osourring in the
wavelength regions 4252 to 6608 and 7652 and £70% have
also been caloulated, TIn Figures IIT,30 and 31 are shown
the plots of branching ratios for different conpeting

processes against inoident photon wavelength.

Yor *Il state of the ion, the branching ratios are
fairly constant, varying from 26 to 287 between wave-
iengths 6008 and 6202 and start inereasing with a nmaxinmum
at 6308, There is s trend toward inorease of branching
ratios thereafter with two broad maxima at 770% (~ 767)
and £10% (~ 87%). vrom 8208 to 8702, the ratios are
fairly constant, varying in the limits of 76 to 827, For
'3; state, the branching ratios start increasing quite

rapidly from 6002 onwards with two mexima at 7208 and
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?ASX. The branching ratios versu:z wavelength curve for
the A state of the ion shows three maxime a2t 525?

(~ 27%), 6408 (~ 307} snd 670% (~ 33°) before reaching
e minimum value {(07) at 7053, The branching retios for
the B ptate start inoreasing at 6002 to & maximum value
at 6158 (~ 337) sand show a rapid decrease, The R state

ceases to exist at 6253 and onwards,

The branching ratios for the fluorescent sutoioniza=
tion process in the wavelength region of 6253 to 6565%
vary from 97 to 15" but in the wavelenzth region of 7653
to 8703, a broad maximum at 785% (~ 367) is reported
followed by a trend of fairly constant branching ratios
between 8208 to 875%.

Fartial photolionization sross-sections for all the
competing processes sgainst wavelength have begen oomputed
by combining the branching ratios of Figures ITT.30 end
34 with the total cross-sections reported by Cook et al.
{(1965) averaged over 8% interval, The plot of pertial
cyoss-sections against wevelength is shown in Flgures

ITT.32 and 33,

ITI.5 Ammonia

“"hotoelectron specira for emnonia excited by incident

wavelengths of 6253 to 8902 were obmerved at 5% intervals.
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“ome typical examples of these speotra sre illustrasted
in Figures T'T.34k, 35 and 36, These spectra show several
welledefined photoelectron peaks. The most energetic
peak corrcsponds to a vertical ionisation potential of
10+ e.v., for the reasotion NH; + hv - NHY {ground state)
+ ® , Dideler ot al. (1966), in the mass spectrometric
study of photolonization of amrmonis, gave an sdiabetic
ionization potentisl of the ground state of the FH3 ion
a8 10+16 e.v. vatanabe (195L) reported a difference of
about 0+5 e.v. between the adiadatic and vertical loniza=-
tion thresholds. The value of 10+6 e,v. obtained in the
present work is thus in good agreement with Nibeler's
results, The enerzy of the second peak corresponis to &
vertiocal excitation potential of 154 e.v. and can prob-
ably be identified with transitions to the first exoited
state of NH§ for which Tindholm (1954b) has deterzined s
threshold of 15°2 e.v. and Cook and Samson {1959) of
142 e,ve (this latter measur ement corresponis to the
adisbatio threshold). The third peak at 16°0 e.v. is
identified with the reaction NHy + hv - KHy + H+ e
for which Cook and “amson suggested a threshold of 15+8
e.ve. 2nd Dibeler ¢t al. at 1573 e,ve The discrepancy
between the se results is the difference between the

vertical and adiabatic ionization potentials. This peak,
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corresponding %o Nﬁg, is resolved only at a few wave~
lengths; at cther wavelenizths the peak is only partially
resolved or unresolved., 4 peak corresponding to a
threshold of 19+*4 e,ve is ¢learly resolved in all specotra
wherever it is energetiocally possibdble, The cnergy of
this peak corresponds closely with estimates (¥ann et sl,
1940) of the threshold for the reaction NH3 + hy - 31 M
H, + @ + Other peaks are evident in the region 16°+5 to
19 e.ve. &and probably correspond o other exclted states
of NHE and MNHf but it is not possible from the present
work to suggest any further indentifications, Table ITI.5
sunmarises the information obtained from the present
measurements about the energies of the photoeleotron

groups {from ammonia.

TABLE IIl.H

Photodisintegration of iAmmonia
Threshoeld
Photoelectron | “nergy Vevelength suggested
Group {esv) (%) ITdent ification
1 104 1170 NHy+hv-oNH3(G.5. )+ @
2 1544 805 ANH(TxeCo )4 @
3 16+0 775 ~NHy (G B pHee
L 16+6 747 Uncertain
5 17+3 76 Uncertain
[ 1844 £8), Uncertain
7 187 563 Tncertain
8 194 639 <NH +Hp 40"
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In the wavelength region of 660% to 8903, & low
energy snomalous peak &t about 05 e.v., the nosition
of which did not chenge with photon energy, %as observed.
The behaviour of this peak is very similar to the fluor=-
escent autoionization cbserved in nitric oxide (section
TTTe3.1) and 4t appears that a similar process, involving
radiative tronsitions in the neuntrsl molecule, al so occours
for ammonia. Tn Plgures TTI,37 and 38 are shown a few
photoelectron spectra of ammonla with the low energy

snomalous peak,

The meesursd branching ratios for various photo-
disintegration processes in ammonia are shown in Figures
II11.3%9 and LO. These measurements combined with the
measured totel photoionization oross-sections of Metsger
and Cook (1964}, which rere aversged over 8% intervals to
obtein & resolution ecuivalent to that of the present
work, give the partial photoionization crosa~sectiona

shown in Pigures IIT.41 and 42,

III.6 _soourscy of Partisl Cross-sections

P?he uncertsinty involved in unfolding the speotra
was one of the factors limiting the acouracy of the par-
tial cross-sections. Ascertaining the srea under low
enersy noise associated with eash peak could not be very

accurate., MNoreover, the calibration curve {Pigure rT.19)
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would not be of much help for finding low energy reglon
associated with a peak of large slectron energy, €.8.
in case of ground state neak of nitrous oxide which
occurs st 8+4 e.v, 2t an incident photon wavelength of

5848,

In many of the spectra taken, a partial overlapping
of the peaks due to low resolution used in the present
work was observed, The total area under the envelope of
the partlially resolved peaks could be ueasured fairly
accurately but it would be quite difficult to asaign with
aoocuracy the partial areas under individual peaks, For
doing this, the shape and the peak width of the individual
peaks has to be guessed from spectra nt other wovelenzths

where the peaks are better resolved,

The estimated accurscy of the area under & given
peak was founé to be in the range of & to 107, but the
sbheolute error accumulated during the unfolding of the
spectra. The error in case of reaks at lower encrgy %as
reduced by demanding that the unfolding should be self~-

consistent.

#ear the threshold energy region of each elsctronic
state, the peak was found %o be small. The measurement

of ares unier the yeal in such a case would involve much
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more crror than elseshere.

The accuracy of the partial photoionization crcss~
sections varied greatly, devending upon the position znd
size of the peak snd the sepearaticn of Sifferent peaks,
In moat ceses, the error in the eross-sections was pro-

bably between 45 to 207,
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CHAPTER IV

PHOTOFLFECTRON 2PRCTROSCOPY IN THE NEIGHBOURHOOD

OF SOME AUTOIONIZING :STATES OF

YOLECULAR OXYGEN

IVe4 Introduction

In the measurement of the photoelectron spectra of
molecular oxygen {(Blake and Carver, 1967) and carbon
monoxide and some other gases {ochapter TIT of this thesis)
s low energy snomalous pesk has been observed in s few of
the spectra. The transition probability of this peak has
been found to vary effectively with incident photon
energys OSuch a structure is observed to be peculiar to
those wavelength regions vhere the autoionized structure
in the total photoioniszation oross-seotions is strong.
Doolittle and Schoen (1965) have studied the difference
be:ween on~resonance end of f-resonance spectra in mole~
cular hydrogen and have shown that sutoionigation can
change the enersy distribution of the emitted photoelec~-
trons. This suzgests the need of a detaliled and compre-
hensive study of high resolution photo el ectron spectrs
of some gases on the autoloniged resonances and on the

continuum on both sides of the resonances,
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In the work described in this chapter, some of the
autoionized resonmnces of molecular oxygen have been
selected for expcrimental investigation., The resolution
used for this work has mede it possible to :tudy the
disintezration of oxyzen molecule excited to an suto~
ionized state by observing the variation, if any, in
the photoeleciron spectras between one autoionized reson~-
ance and anether and between an sutoionized resonance

and the neighbouring of f~resonance continuunm.

IVe2 Experimental ifethod

The experimental :rrangements ars essentially the
sanme in chapters II and ITTI, gxcept that the exit slit
of the 1-metre monochrometor has been adjsted to give a
wavelength resolution of 1+6% instend of 8% used before.
Improving the resclution in this way is accompenied by a
corresponding reduction in beem intensity. In order to
obtain zatisfactory :spectra, it hes been neceasary to
makke repeated scans of the electron retarding poteantisl
using the nmultichannel storage syater described in chapter
ITe Typicelly, the time required under these conditions
to accumulate 2 satisfactory photoeleotron spectrum has

been between one and two hours at esch photon wavelength.

IV,3 Fxperimental Results

Total photolonisation cross-section measurements
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indicate the position of many sharp autoionized reson-
ances for moleculsr oxygen {Cook and Hetsger, 196Lb;
Yatsunaga et 2l, 1967). In Figure IV.1 are shown the
cross-sections ss reported by Matsunazs et al., (1967).
The T, J and K progressions have associated with them
well ¢efined r2sonance peaks. Two resonance peaks each
from T and J progressions have been selected for investlie

gations.

Keasurements of {p photoelectron spectra at the
following peaks have been msde: 885‘8g end £781% {7
progression); 83918 and 632°5% (1 progression). The
exact position of each peak was determined by adjusting
the photon wavelength, in the uslghbourhood ¢f the value
indiceted in Figure IV,1, to obtain & maximum in the
neasured electron current. Photoelectron spectira were
elso measured at the following eff-resonance wavelangthst
ees? (r progression); e451% ana s} (1 progression). The
resconance and off-resonance spectrs are compared in

Figure 1V,2.

For wavelengths longer than 775%, only the I‘Hs
ground stete of 0: is accessible and the photoelectron
spectra at these wavelengths micht be expected to show
but & singzle band close to the energy corresponding to

the sediabatic ionsation potential. The off-resonance
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spectrs shown in Figure IV.Z2 are of this fore, but the
resonsnceé spectra are seen to heve a more complicated
form, similer to those reported by Eleke and Cerver
(1967). These speciras have ndditional pesks at lower
c«nergles snd the ghape of the low energy component

varies from one resonence to another in the rence 585'52
to 832%- Ir eddition to low energy peaks, partly resolved
vibrational structure with zpacing iu good agreement with
that of the X’ﬂs state of Of can be traced through these
spectra. The moast significant difference between the
photoelectron spectra (Figure IV.2) is that the low enecrgy
somponent is absent from (or at least very weak) the off~
resonance specitra in this wevelength region. In esoh case
of resonance spectra, it i» noted thet the total number

of maxima in the distribution is equal to (v + 1) where v
iz the vibrational quantum number of the autoionizing
level involved. The resonances st 885+8% and 178+1% are
the v = 1 and 2 members of the J progression reapectively
and those of 839+1% and 632°5% the v = 2 and v = 3 menmbers
of the I progression respectively (Figure IV.1). The
resonance spectra in Figure IV,.2 show two mexime at 585'83,
three maxima at 878+1% and ©39+1% and four maxims at
832+5%. This correlation between the shape of the photo=-

el ectron spectrum and the vibrationzl guantum number of
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the autolionizing level suzgeats that the number of
maxiza in the resonsnce spectra may be explained with

the help of franck-london principle,

IV.4 Plscussion

e =y

It waa suggestied previocusly (Blake and Carver, 19567)
that such & feuture coulid be explained by =zssuming thatd
& {luorescent autoionizing process was ocourring in whioch
part of the excess cnergy was dissipeted as s fluorescent
photon, and that the transition to the continuum was from
the second intermediate state, which was common to pro-

cesses excited by different photon energies,

Judge et ale. {1963) observed some weak fluorescence
in oxygen excited by wmavelensths lonzer than the thres-
hold for the first excited siate of the ion and this may
or may not have been from mch a process., Fut the Laten-
s8ity was too low to acoount for the stronz anoralous peaks

in the present spectra.

The fluorescent autoionizstion explanation would be
necessary if there were no energy levels available in the
ion which corresponded tc the position of the anomalous
lon energy pesks. This however 1s not so because the
potential curves cf the gutoionizing levels with a defin-

ite depth exist. OCn this saccount, the above explanation



seems tu DE unnecessAry.

‘he form of these spectrs ocsn glternstlvely te
explaeined on the basis :fhﬁrsack~‘oncon piinclgle by
ecsuming an apypropriete ashape for the potential curve
of the sutclonizing =tate. Figure ¥V,3 shoss the pote
entlal curves for the zround ststes of O snd C: &5
given by 3ilmore (1965). 2 hypothetlcel curve for the
sutolorizing ciate (I progression) is drawn such that
the part to the left of the wminimum ie of the same shape
¢s the corresponding pert of the O X’ﬁz curve but dice~
placed about 1°+5 volts above it, and siwmilarly on the
right hand side, where the vertical displacement is
about 0+5 volts. {(The shape of trs auntovionizing curve
18 only arbitrary to explain the apectra qualitativelys

The exaot shape has been computed and is shown in

chapter Vj.

It is olear that for transitions from any vibrat-
ional level of the autoionising state, maxima occur in
the Franck-~Condon distribution 0+5 volts and 1°*5 volts
below the initial level, thus producing & speotrum of the
form observed on the resonsnce {Figure IV.3,; which belongs
to ¥ » 2 vibrational member of the I progression. Tor

839% resonance speotre, the (v + 1) empirical rule for
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the number o peaks holds good but the explenation given
Por Tirure TV.3 does not sceount for the number of peaks
for v = 3,4 ote., vibrational amembers of the I-prosres-
sion. To explain this, the vitrational wavefunctions
for v = 0, 1, 2 == members f the autoionization state
heve to be comruted, The totel number of broasd maxina
in the rhotoelectron spectrsz is equal to the number of
maxima in the vibrational wavefunction of the nuto=

fonising state (see Figure V.1 of ghapter V],

This qualitative explanztion seeas to agree “airly
well with the experimental results, In order %o test
this conclusion, the “ranck-Conden factors for the auto-
ionization from the levels that have been cbrerved,
should be computed, Tn chapter ¥, the Frenek-Gondon
factors have been calculated sné the zeneral form of

the spectra has been reproduced,.
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CHAPTER ¥

PRANCH-CONNON FACTOLS FOR AUTOIONTZING

DRI I b T et A N T ¢ hrad s bd 5 w N 5
'-‘;;“.JTL IS 03‘ MQL "(‘;t!j_q" 5 (}—’LY[?FN

Tel _Introduction

"he photoelectron spectra obtained =t resonsncc
snd off-reszonance veavelengthas (chapter TV) have been
discussed gualitaetively with the help of, 'ranck-"ondon
principle. This analysis explained only the number of
mexime in the resenance photoelectron spectra but =mould
not sscertain the distribution of maxime with respect
to electron energy. Thus a vomplete theoretical basis
to replace this cualitative snalysis is required. The
shape of the photoeleotron spectre and its reiaticn %o
the vibrational quantum number of the autolonlsing level
{see chapter IV) suggests thet the form of the spectrum
may be reprcduced by the distributlon of Frenck~Condon

factors for the autoionization transitions.

An arbitrary assumption about the shape of the pot-
entisl curve of the autoionizing state was made {shapter
77}e 4 cholce of the potential function would glve =
definite 1dea sbout the poteantial curve snd would help
in cslculeting the Franck-Condon factors, For the pre-

sent work, Morze potential function vas used.
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Vo2 VMethod for Pranck=Condon Calculations and Kesults

The radial part of the wave equation for the
nuclear woticn of & distomic moelecule =8 glven Ly
vorse (1929) is

Q‘R Sﬂ'u i

“+ L - U(r} R ¢ (V.1)
art h? L . )

where - is the vibrational energy, # the reduced muss of

the wolecule and U({r) is & complicated potential function
of internuclear distence r and ¢f the electronic gquantunm

pumbers. The most suitable form of U(r) as reported by

Horse is

tlr) = ¥ , + T L1-e“ﬁ("'”ﬁ)j' (v.2)
[.X# ]

vhere Eeﬁ is the energy of the electronic excltaticn, D‘
the di ssociation energy neasured from the hottom of the
potentlial curve and r, is the equilidrium internuclear
distance, The expressione for £ and EQ as derived by

Herzberg (4950) are the following:

2n*cu
B = J * W

-
Vo= ua/hwexe

]

inother useful transformation cen be made by letting



= G.ﬁ(r‘r.)

y . Then
da*R 1 arR  &I*u v 2D -
——+m.~¢w?”+—-—.ﬂ-gn fT:al}
dy* vy ay A*m® iy* ¥y °J

vhere v = % « E - T
’ et e"

W is the energy messured from dissociation limit,
Te trenaform the sbove expression into a differential

equation, let the radisl wavefuncilion R have the form

-~ : } 2 .
R =e 2ay'(23y)b/“*#(y)
anéd put 3 = 2ay.
Then if

23(2un8)§
£h

a =

*’bhl b‘

Ve =

3202 u

the waveeq uation reduces to

aryp ar ~8N* ub bat-
g = 4 (Btiwg) = 4 g . [Feo0 (V.3
az® dr _/Pah? 2 .l
802 ur b+t
v = £ . is known as the vibretional guentunm
#* an? 2

number, Fguation V.3 ia soluble if

the coefficient of ¥ is & positive integer. Thus



100,

Em E§Q‘$/2 o ‘?3/2 * F(=v,bet,s)

where % 41z the normalizetion constant snd ¥ (ev, b+4, 5),
+he confluent hypergecmetric function is 2 Form of the
gentralized Laguerre polynomiel., Pekeris {193L) gave a
solution for ¥ end if the rotationsl effects are neg-

lected, it assumes the form

P fveny?

N L.r(b) v /J

where T(b) is & gamma function,

The “ranck-Condon factor is the square of the overe
lap integral of the states partlcipating in the tranai-

tion and is 3ziven by
Uyt e = '[va ﬁvw dr!'

in which RW, is the vidbrational wavefunction of the vib=-
rational level v! of the upper eleotronic state and

Rv” is the vibrational wavefunstion of level v* of the
lower electronic state,

Laock of knowledge of the molecular constants
especially the equilibrium internuclear distance, L

For the autoionisging state hes restricted zreatly in the

past the computations of Franck-Clondon factors. Tn the
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present caloulations, T for the sutoionizing state hes
been introduced a&s a parameter snd the other molecular
conatants, W w.x‘ for each ¢leoctronic state and the
reduced mass u of the molecule have been taken from
Herszberg (1950). For the members of the J progression
no constants are available. The umolecular constants

Wy WX, the hsarmonic vibrational frequency 2nd the
anhermoniocity constant for this autoioniszed state can

be obtained by substituting the experimentel energies of
the lines in the progression into the energy equation of
the anharmonic osoillator. This gives a series of sinmul~
taneous equations for Wes @

x
e o

The value of Ty for the sutoioniszed state was varied
until an optirun LR value gave the distribution of
"ranck-Condon factors which was in best agreement with
the resonance photoelectron spectrum ocbserved experi-
mentally. In Table V.1 are listed the values used for
the molecular sonstants, together with the optimum values
obtained for re of the autoioniszing states., 7ith the
known values of T and other constants for I and J auto-

ionicing states, the form of the potential ocurves for the

two states could be obtained, using the equation V.2.
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¥oleoular constants for Gy and O: etates used in the

Franck-Condon ocalculations, and the optimum values of

ro cbteined for the autoionized states of 0, (Herzberg,

1950).

wa(om-i)
& 1580+ 364
1050
1097
k 18764

uexo(om‘?)

12073
15
19+5

16+53

M¢(&tmo“0)

£+00000
8+00000
800000
7°99986

1420739
1935
1+30
141227

Fizure V,41 shows the potential curve for the ground

electronic state of 0F ion as given by Gilmore (1965).

The form of the potential ocurve, for the I

state 1s 2ls80 shown in the figure.

sutolonieing

The vibrstional wave=

funotions for v’ = 3 member of the I progression and

v* & 2, 5, 10 end 13 of the ground electronic state of O:

jon have been computed and ere shown in Figure V.1,

The

v! = 3 wavefunctions (I state) show four maxima as

expected {observed &t the §32+5%) 4in the photoelectron

speotrunm.

The vibrational gquantum numbers =t which these

maxizma occur (i.e. the values of v” for whioch the overlap

integral has its wveximunm value) can be seen to depend
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sensitively on the difference between the equilidbriunm
radil for the auvtoionized state of the molecule anéd the

finsl state of +he ione

Franck=-Condon computations were performed on a CONRC
£§400 computer, Franck~ Condon faotors s¢ computed for
direct ionization from the X’X; (v = 0) zround state
of the 03 molecule to the zround state of the O: ion are
given in Table V.2 along with the results reported by
vacks (1954) and Helmann et sl. (1968). £~ ocomparison
shows a reasonadbly good sgreement between the three results.
Franck=Condon factors for autoionigation from members of
the I and J progressions of 0y to the X'l state of 07

are given in Table V,3.

Ve3 _DPiscussion

The photoeleotron speoctra obtained at resonance
wavelengths correspond to the sum of the contributions
of ‘oontinuum' and 'autoionized' components while the
off~resonance spectra contain the 'continuum' component
with & very small autoioniged contribution. The differ-
ences betwsen the respective on and off-resonance spectra
represent the autoionization transitions only. These
differences are shown in %Figure V,2, together with the

corresponding Franck«Condon factors, From the figure, it
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¥ranock-Condon factors for direct ionization in molecular

CXygel.

ng’E;(v‘) =5 Oixzﬂg(v‘)

q"?'

Present
vy ﬂACKS(g) HALMANN et ala(é) York
0 -0 23845 *23535 *23544
4 -0 *39021 79016 *39021
2 -0 26277 +26283 *26279
3 « 0 «09197 (09202 09199
L = 0 017714 Q1773 2041772
5 - 0 *00482 *00482 00182
6 « 0 «00008 »30009 «00009
7 -0 - - -

TABLE an

FPranok-Condon factors for sutoionization in nolecular

sxygen

0gI(v!) ~ O:X‘ng(v')

‘V’
v O 1 2 3 4

0 l-ooo17 *00098 +00311 *00709 +01 304

1 00193 *00903 +02259 *0LO49 *08690

2 [~o1ou6 ©03679 * 06766 *08545 <08466

3 *03510 +08598 +4027% +074b1 *03097
i 4 ;00819} *12314 +07284 +01257 + 00230
i 5 14119 *40308 +01021 «01266 +0504.1
J__ 6 §~18521 +03696 *013%69 *06578 *04296

...cont'd..
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vt

v\ 0 1| 2 | 3 Lo

7 | +19229 w T.00001 | +074,85  +04702 | *00006

8 | +15776 | +0L107 08103  +00035 | *OLOAY

g 10375 *411952 «02092 203954 Q5589

10 05496 16056 00560  <02113 | *00436

.44 +0234,7  +13882 07494  +0356%  +02838

42 +00807 08583  +14512  +000%6 07868

43 © 00222 03965 14589 06312  <O35L7

44 +000LE = +01400  +09529 |  *14161 00167
15  »00007 | 00392  +O0k319 | 147k | 06978 |

| UM |1°00006 | 0+9994k | 1:0796k , 0+85598 | 0259299

0g3(¥?) = ozx'ns(v')

0 | -00407 | 01599 | +03482 , +05577 | 07364

1 | s02710 «07369 | 10740 | 10897 08505

2 | +08385 | +13735 = 10393  +03966 00322

3 | +1601k 12450 «G1878 +00573 «OL313

L | 024180 @ +03681 01559  +07195  *05483

5 | +20631 200165  *0B8E8Y -OLBBO  *C0009

6 | +15366  -0660L  <0784L8  +00022 04965

|7 .08967 = +14957  +00891  +05809  °05354

g8 0,168  +16821 <0247, +08312  <00030

9  «01560 12427 10915 01856 0795

10 ~00L7A «06659  +15918 01444 07987

44 00417  ~02743 13307  *09kkO 01873

42 .0002:.  +00862 07582 15296 01165

15 +0000L 00218 03159 13232  +09536
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1 quite clear thst the zeneral form of the spectrum in
each case has been reproduced through these oalculations.
For the T state of the molecular oxygen, the optimum
value of the equilibrium internuclear distance, r, wes
found to be 1*353. The value zave maxime at the correot
energies for both the 839’12 and 832-53 resonances, The
optimum value of r, for the J state was founa to be
ﬁ*}Og which gave maxima correctly at 885+8% and 878+1%.
The sensitivity of the determination of r, to the position

of the maxima in the photoelectrorn spectra is 0'113/volt.

The Frangk=Condon factors for autoionisation have
teen combined with the continuum Franck-Condon fectors
in the proportion which gives the best fit to the reson-
ance spectra., This is shown in Figure V.3. The relative
strengths which have to be essumed for the continuur and
the resonsnce cross-section sre in the ratio of 1 : 10,
This inc¢lcates that the continuum oross-section underlying

the autoionized structure is very weak.



CHAPTEE V1

SGOPE FOR PURPIFR 3TUDY OF PHOTOFLFCOTRON

SPECTROSCOPY

VI.1 Tartial Fhotoionization Cross~fections

The measurement of partlal photoionization crosse
sections as & function of photon wavelength for severel
ghuospheric gases has been made using o reterding poten=
tial type electron spectrometer with & spherical grid
geometry. The spectromecter hac a high resolution vith an
efficient detecting system. The low energy area in tihe
spectra which was one of the limiting factors for deter-
aining the mocuracy of the partial cross-section:, was
reduced but not to a minimum possible value. The possi-
bility of further reduction of 1o¥ smergy area needs to

be lanvestigeted.

A parallel plate elecirostatic snalyser (Harrower,
1955) and magnetic focussing sp ectrometer (Turner and
¥ay, 1966) could be considered for use in obtaining higher
resolution. This would allow & more accurate unfolding of
the spectra. The single photeelectirons produced could be

detected by a ohain of channel electron aulilplicrs,

?or the purpose of salculating the snergy distribution
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of the primary photoelectrons in the ionosphere, Blake
(1966) assumed that the removal ¢f ar inner electron
makes only a small contribution tc the total photo-
{onigation cross-zections. But to obtaln acocuraete energy
distribution at ¢ifferent eltitudees of the utmosphere,
the measurement of pertisl cross-sections at shorter
wavelengths is essentlial. Thus, pertial cross~sections
need to be extended to wavelengths shorter than 58k2§
exciting emisaion lines. Fmission lines could te =xcited
using a rotating spark sgap instead of the Tixed one a8
described in Section IT.ks,hs This would give a shorter
spark and higher current density (Semson, private cou=

munication).

The measurement of partisl photoionization cross=-
sectlons for some of the gases presented in this thesis
could be useful for finding the partial photolonization
rates in the upper atmospheres of other planets such as
Yenus, ¥ars and Jupiter. For example, Following the
standard Cytherean atmosphere for the planet Venus, an
estimete adout the abundance of CO0p and iy in the atmos~
phere above the top of the aloudl could be formed. &lso
the dissociation and recombination processes imply the

presence of CO and Oy (see footnote). 4 detailed

Yootnote: This work has been reviewed by Shimizu (1966).
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experimental and theoretical investigation is needed %o
£ind the nunmber density of these z2ses at dif ferent
sltitudes above the top of the cloud. These investiga=-
tions, combined with the results reportsd in this thesis,
would be useful in the interpretation of sone of the

seronomical phenomens occurring in these plane ts.

The neasurement of pertisl photoionization cross=-
sections for atomic oxygen should be the next steps
rPecpuse of many technical diffioculties in the design and
construction of the apparestus gend elso in the enalysis of
the combined data for etomic and molecular oxyzen, little
thotught has been given to the experimentel investigation
of this gas. A need for such & study 1s warranted for

1ts usefulness in many fields,

VI,2 sutoionization Yrocesses

In ohapters IV end V are¢ shown the spectra of € at
1+6% beer resolution observed on and off a few of the
putoionizetion resonsnces. These spectre have been re-
produced in shape by Franck-Condon fsctors caleulated for
sutolonizstion. it is suggested that the spectra on and
off the resonances zhould be measured for CO and iy snd
“ranck~Condon factors should be cslculated to reproduce

the shape of the spectrsa.
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The photoelectron spectra of NO and N,0 shows a low
energy anomalous peak which has been atitributed to the
Pluorescent autoioniszation process {chapter TII). 7o
confirm this theory, 1t is suggested thet the fluore=-
seence yield should be measured on and off the suto-

tonigation resonances of N0 and H.U.

Y1.3 Angular Digiribution of rhotoelesctrons

The partial photolonisation croas-sections for some
zases reported in this thesis were measured from a sample
of electrons emitted from a point scurce of elcotrons
and emanating to the zrid system in s cone of 0%, Tt
was asaumed that this is the representative sample for
all transitions. Rut if the angular distribution for
various transitions at variocus photon energlies is dif-
?erenﬁ; the partial eross-sections in the present work
are slizutly in error and thus would require correctione
This suggests the need {or theoretical and axperinmental

study of angular i stribution of different trenaitions.

terkowitsz et al. (1967) investigated this prodlen
ex;erinentally for various gseses using the 58#2 helium
resonsance line. it is unlikely that the anguler distri-
bution for different transitions st 56&& wouid be the sane
ss 3t other wavelenigthe. This suggests that measurement

of such disiribution et all savelengths upto threshold
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of the ground state of the gas would be essential, #Also,
the angular di stribution depends upon the enguler momentunm
of the photoelectron; thus it contains the information
about the nature of transitions o the photoelectrons.

It is suggested that the angular distribution of photo-
clectrons emitted by rrocesses of autolonization may bLe
entirely dif ferent from that of other transitions, dep=-
ending on whether the cussi-stable states are sufficiently
long=~lived., For this reason also, the study o angular

4t stribution of photoelectrons throughout the wavele ngth
region from 5003 to the threshold energy of the ground

state of the molecule, i3 desirabdle,

The apparatus suggested for the experiment is shown
in Figure VI,4. The photon bean, di syrersed from a one=
metre monochromator, enters from one side of the inter-
sotion chamber anéd the gas under investigation, from the
other side. The photoelectrons emitted at the center of
the chamber can be detected by the two spectrometers A
end B of similar design as described in chepter TII but
with dimensions to suit the interaction chamber. The two
spectrometers A and B are exactly identical except for
the fact that A can be moved from 50° to 150° to measure
the angular di stribution and B is fixed at rizht angles

to the photon beam and may be used to monitor the spectra.
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The photoelectrons emitted coulid be prevented Trom
going to the monochromator by using some me tal surfaces
et a high positive potential aa zhown in Flgure VI.1.

The chsmber should be maintained at a pressure of about

10‘“ Be Mo
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APPENDIX

"ublications

The following papers have been written on the work

described in this thesis:

1e

2.

3.

fhotoelectron spectra and partial photoloniza-
tion cross~-section for carbon dioxide.

To be published in J.C0.5.RE.T.

Pranck-Condon factors end sutoionization in
the photoelectron spectra of distomic molecules,

To be published in Troc. Poye. Soce

T

Partial photoionization cross-secctions of X0,
CO, IE,O and Vi,

7o be sent for publicstion in F.CG.U,R.T.
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