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This thesls descritbes the ncasurenent of
partial phcotoionicetion cross-secticns for processes
which lead to the formzation of the ion i: & perticulse
guanhtum state. Yartial cross~-cections for oxygen,
nitrogen and weter vapour have been measured.

Trevious determiunationsol photoionization cross-
sectionsg tave been limited to meansurements of the %otal
cross=section for a multiplicity of processes corresponde
izg to tronsitiosns to any one of a number of quantum
states of the ion. 2wo exanples of tetal cross~section
neasurenents are presented in this thesis, Total
eross=seotions of molecular oxygean have been mcusured in
the region f'roun 1050 9 to 1250 R. This region includes
the wevelength of hydrogen Lyman-g, &n importent emission
line 1n the solar spectrum. 4 double parallel plete
ion chanmber has bLeen used to meesure totel photoicnisation
cross=-gections of nitric exide in the region 1150 3
to 1350 f. Thigs chanber has also bLeen used with argon
to measure absolute bean inteusities accordiig to the
method o0i' Janson.

The partial photolonization croass-sections have

keen determined by recording the energy spectra o' the

photo-eloctrons. The speotrouncter, which was of the



(vii)
retarding potential type, consiasted of three concentries
cylindrical electrodea: & collimating elcotrods, an
analysing grid, a2ad nn anode, A one-netire near normal
inecidence nonochronator has been used with a s1lit width
corresponding to a resolution of 10 2. The monochronw=
ator has been cguinzed with a2 helium capillary discharge
lamnp powered by u tondensed Bpark discharge.

“lectron cnergy upectra heve been recorded by
difTerentiating the output of the clectrometer which
zeasured the eleoiron current at the anode, and applying
this signal =zad the reterding voltage to the Y znd X
axes respectively oi an X«Y cowordinate plotter.
smoothed spectras have been obtailned by digitiiizns the
spoctra and using the menmory storage of a nultichsnnel
englyser to add scveral scans of the spectrun,

Interpretation of the spectra has been rided
by a study of the spectra of argon and hydrogen, which
coutain e single line snd & single band respectively in
the range of wavclengths used. The peak in the ergon
spectrum had a width at half height of Ol.b4t e7 under the
beat conditions.

~pectra have been obitained over a wakelength
range iJrom the threshold for the first exelited state of

the ion to 5C4 £ ror oxygen, nitrogen and water vapour.



(viii)
The relative arcs spsocianted with each merk has been
nezsured, and this inforaztion combined with the total
photolonlzation crousge~section data of Cook und Yetager
te produce pertial cross-~sections,.

The partial crossesectlons of oxygen show the
thiresholds of the bhzg and a&ﬁu atates of Og*g the
A“ﬁu and the ahﬂu stotes are not nroperly resolved,
The continua are secn to have the form of a step
funotion nodiflied by competition between the continua,
and by autolonizing nrocesses. 2t waveleugths longer
then the akﬁu threshold the spectrn have a large peak

at low energy as siell as the peak corresponding to the

Al

-

ﬁg ground state, It is asuggeated that fluorescenca
occura from a highly excited leovel of 0, before nsuto=
ionization to the x’ns state of G,

Yhe nitrogen results show the thresholds of the

B*1 * una ﬁz
u

Hu gtates of H,¢. 211 the ¢ontinua have a
maximun just Delow the thresholds The B°Z * continuum
has s maximum vzlue which is less than half the naximum
values of the Agﬂu and X'Xg+ eontinusa.

The water vapour results show the continua
eorreaponding to the 281 and 2A1 levels of Ha 0", and
another sorresponding to disscoistive ionization. These

continun have 1little structure, and the onset is more



e
(1)
oL
3 " . =] . S e X o e e -
gradual than in tho case of oxypen and nltrogen.

The partial rhotolonization cross~scctlions

have been wsed in coloulatlioas of the energy distribution

ctoeleetreone
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This thesis contains no meterisl which
has been nccepted for the award of any other dsgree
or diploma in any University. To the bezt of the
author's knowledge ond belief it econteins no materisl
previously rublighed or written by another person,

excert where due reference 1is nade 1n the text.
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CHAPTER T

REVIEW OF THE PROCESSES OF PHOTOIONIZATION

I.1 Introduction

The term photolionizastion is mpplied to photon
induced transitions to an unbound energy state of &
gaseous atom or moleoule, where the unbound state is
" that of s positively charged ion and a free elactron,
Several early attempts to observe photoionisation
produced in gases by ultraviolet radiation (Wilson 1899
Henry 1897; Lenard 1900) were not successful, but in 1910
Hughes (Hughes 1910) found that ultraviolet radiation
entering an air filled chamber through a fluorite window
produced positively charged ions, which had the same
mobility as those produeed by X-rays.* Wood (Wood 1911)
observed the absorption spectrum of sodium vapour, and
found that it consisted of e series of abscrption lines,
and a region of continuous eabsorption which extended from

the limit of the line series towards shorter wavelengths.

‘It must be noted that Hughes could not have observed

the direct photoionisgsation of any of the components of
air, since a fluorite window ceases to be transparent

at & wavelength longer than the ionization thresholds

of these gases. Weissler (Weissler 1957) has suggested
that Hughes may have observed the photoionisation of
dissociation produots.



Do
The nature of this spectrum was explained by Bohr (Bohr
1913) in terms of transitions between a quantised energy
state, ané an unguantised energy state of the atonm.

The absorptlion speoctrum observed by Wood may be
understood by reference to the energy level diasgram shown
in Figels The levels on the left hand side of the diagranm
indicate the energy states of the neutral atom, and those
on the right hand side indicate the energy atates of the
positive ion. The absorption lines correspond to photon
induced transitions between the ground state of the atom
and higher bound levels of the atom. The absorption of
a photon with an energy greater than the difference
between the ground stete of the atom and the ground state
of the ion, may result in a trensition to an unbound state.
This energy difference, which is the amount ol snerzy
required to remove the least firmly bound electron from
the atom, i3 of course the ionisation potential of the aton,

Because the final state in a photolonisgation
process is unbound, ebsorption may ocour over =a continuous
range of wavelengths. The excess of the photon energy
over the asmount of energy required to produoce the ion in
its finsl state, appears as kinetic energy of the photo-
ionigation products, Since the mass of the eleotron is
much less than that of the atom, virtuslly all of the

excess energy is carried away by the electron. Xung and



Contihudm
-ZK-_-- —— b — —
> Photoelectron
Energy
A +
A
" hY
Ionization
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A
Fig.1. Energy levels of an atom A and the ion A+,

showing a photoionizing transition,
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“illinms (unz and illiams 1920, 1923) detected photo~
torization iz cacziun vapour over o continuous range of
wsvelersths shortcer then o threshold at 3150 ?. ™is
threshcld agreed well with the ionination potentlal
detcroined from the sceries limit of the lince in the
asbsorption spectrun of ezesium vopour.

Versurerent of the cross-section for photoionization
a8 ¢ funetion of wivclength is a weans of acguiring
infornation sbout the energy states of the atom or molecule,
and tihe nature ol the photon iuduced trransitions between
these states, The cross-sections for the photolonization
of pany atomic grses have been caloulsted theoreticelly.
Inlmo&t cases mony approxiastions ere iuvolved in the
calculations, »nd = comparisen of the tlcorcticenl crosa-
sections with 4hic experinesntel messuremeonts allowsan eval-
uation of the various spproximetions to be made.

tecently the "rocesses of photcionization hove been
studled experimentally in consideresble detail. Absolute
values of totel photolonization oross-sections have been
measured ns a function of wsvelength (leissler 1956) for
RANY gBeses, The precence of line end band strueture in
these erOBsteotimns led tc the discovery of the process
of auto~ionization (cee eCete3.2). 4hen photoioulzation
occurs, the residual ion may in general be formed in any

of 1ts energy states which are separated from the ground
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state of the neutral atom or molecule by less than the
photoan energy. Thus the total cross-seection represents
the sum of many competing photoionizing processes, and
provides no information zbout which of these are ocourring,
FPor molecular ganses the oross section may also inelude a
contribution from dissociative ionisation; dissociative
photoionisation has been distinguished from the former
process by identifying the lonization products with a nass
spectrometer, (Hurseler et al 1957). Some information
about the nature of the photoionization process has been
gained from the study of the threshold behaviour of the
oross-section. (Morrison 1962).

Although a knowledge of the energies of the various
states is sufficient to decide in which atates it is
energetically possible for the ionz to be formed, the
existing experimental dets pr:ovides very little information
about the finsl states of the ions produced by photo-
ionization, It is therefore desirable that experiments
should be conduoted to measure the partial photoionization
cross-sections for the formation of ions in particular
states. Partial photoionization cross~sections are alaso
required for application to ionospheric problens, Photo~
ionization of atmospheric gases by solar ultraviolet
radiation makes an important contribution to the formation

of the ionosphere. ((Iinteregger et sl 1964)., Total
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photoionization cross~sections are sufficient to ascount
for the productlon of these eleectrons, but their subsequent
behaviour c¢rnnot be predicted without a knowledge of their
initial energy distribution, and this can only be deter-
zined if the partiasl photoionigzetion cross-sections are
known. (Palgarno et al 1963). Partial cross-sections
are also required in order to predict the intensity and
spegtral distribution of fluorescent radistior emitted in
the ionosphere when ions produced in zn exeited state
return to the ground state. (talgarno et al 1965),

Both of the lonospheric problems indicate methods
of measuring partial photoionigation cross-sections. The
determination of the intensity of fluorescent radiation
(Judge et al 1963) provides a measure of the number of ions
produced in the higher of the states involved in the
transition, but the method is not very satisfactory because
of the experimental difficulties. A more satisfactory
source of informstion is provided by a mcesurement of the
energy distribution of the photoelectrons. Partial
photoionisation cross-sections have been obtained by
Schoen, {Schoen 1964}, but his mensurements contain in-
sufficient detail to make a detailed interpretation. The
object of the present work has been to obtain more acsurab

and more detalled pertial photoionization cross-seotions,
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perticularly in the atmospheric gases. A photoelactron
spectrometer of moderate resolution is also a powerful
tool for the investigation of the process of autolonisation.
(See Chapter IV),
I,2 Caloulation of Photoionizgtion Cross-sections.

The experimental determination of photoionisation
sross-sections have in many cases been preceded by theoret=
icel caloulations of the oross-sections, In all but the
sinplest oases these caloulations involve many epproxime-
ations, and a comparison of the theoretical and the
experimental cross-seotlions provides a test of the spprox-
imations used in the caloulations.

Te201 The dipole approximation

The theory of quantum electrodynamics provides an

explicit formulation of the problem of photoionization in
terms of the initial snd final state wavefunctions.

(Bethe and Salpeter 1956). Let &, be the wavefunotion

of the initiel bound state of the astom, and Qn be the
continuur wavefunotion, normalised 4o unit energy range,

of the system consisting of the ion and the free electron,.
If redietion with frequenoy v such that hw>I is incident on
the gas, where I 1s the ionization potentisl of the gas,
then the oross-section for the absorption of a photon is:

. 32N : (1)

S RnG

cy
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In (1) B,o 18 the matrix elenment:
. =5
p = 8"z ok Ligrad, s ar (2)
n0 J i
ni
th

where r. ia ¢the position of the i electron, and the
integral extends over the configuration space of all
electrons, It muat be remembered that the final state
refers to absorption processes which lead to the ejection
of the electron with specific values of the quantum numbers
£ and m. To obtain the total cross-section the esgquation
must be summed over &ll possible vealues of £ and m for the
electron.

For the abasorption of ultrsasviolet radiation by gases,
k.r€10 7, and equation (2) may be simplified by replacing
the exponential term by unity. Physically, this corresponds
to assuming no change in the phase of the slectric field
over the dimensions of the atom, which 1s the situation
for a classical osoillating dipole. Thus only ‘electric
dipole'! transitions need to be considered. With this
approximation the matrix clement becomes:

27 8w

RnO = B Tho (3)

where r 1z the dipole length matrix elcement:

i ®o drT ()b)
n i

Two other exactly equivalent forms of the dipole

nmatrix element may be found:s the dipole velocity, and the
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dipole acceleration matrix elements. Each of these matrix
elements places a different emphasis on the wavefunotions,
and the degree of agreement between ocross-asections
calculated using the three forms of the matrix element
indicates the acouracy of the wavefunctions used in the
celoulations. {Cooper 1962).
Te2.2 The hydrogen atonm

Unfortunately the expresaions of the previous
section can be applied exactly only to the case of atonmic
‘hydrogen, sinec only in this case csn analytic expressions
for the wavefunetions be obtained. The expression for
the total oross-seoction for the abgorption of rsdiation of
frequency v by a hydrogen~like atom 1s: (Ditchdurn snad
Opik 1962)

o (v,n) = g(320* 12 )/ (Fnt0®nb) ()
where R is the Hydberg oconatant, n is the prineciple
quantua number of the iniltial state, Z is the nuclear
cherge, and g is & oomplioated faoctor depending on n and the
energy of the final state, with a value close to unity.

In some circumstsnces the hydrogen atom type of
celculation may be used 2s an spproximation for other
atoms. ‘Wher the energy difference between the initial
and final states is large, es in the case of X-ray
absorption, the calculztion 135 insensitive to the detzils

of the initial state wavefunction, and therefore =
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hydrogen atom treatment is sufficient. Also an atom in
a highly excited initial state is very much liie a hydrogen
atom.

The sbsorption oross-section of equation (1) is
related to the attenuation of the intensity of a beam of
radiation as it travels throuzh the gas by EBeer's laws

T = I.;u.ta:-‘"rl (6)
Beynon end Cesirns (Beynon and Bairns 1965) have recently
made an experipental determinetion of the absorption cross-
section of atomic hydrogen at 850.67. The good agreement
between their value and the theoretical value (bDitchburn
and Opik 1962) indicates the validity of the assumptions
on which the theoretical caleulation is based.

It is interesting to note that in the cese of the
photoicnisation of atomie hydrogen only one finel state
exists, and the oross-section does not oonsist of a number
of ovarlapping continua corresponding to different states
of the ion. For other atoms the ion has nany exoited
states, and the total photoioniszation orosa-section is the
sunm of many partial cross-ssctions.

Te2.3 Approximations to other wavefunotions.

The eguation for the wavefunctions required for
the calculation of photoionigation cross-seections cannot
be solved, except in t!ie case of hydrogen-like atoms.

However, there are various methods for obtaining spproximate
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wavefunotions which may be used to estimate the erossa-
sections. A mathematical model of the atom must be chosen
which is good encugh to make the results useful, but simple
enough to be practicable. (Hartree 1957).

Most simple calculations are based on two general
approximations, The first is that the electrons may be
considered to move in a central potential V(r), whioh is
not necessarily o Coulombd protential, when the Schroedinger

equation has the fornm:

y’& 5 if E - V(r{] t = o (7)

"hen expressed in spherical polar co-ordinstes this

equation separates into an angular component, which is

the same for all central potentials, end & radial component.
The other approximation is the assumption that

each electron moves in a stationary state in the field of

the nucleus and the other electrons. Wave mechanically

this epproximation is expressed in terms of separated

wavefunetions:
L P !u(") ¥5(2) snnee ‘l',a,(p) (8)
where *v(p) 18 the wavefunction of the pth electron in the
th

T state. The wavefunction is made to conform to the
Paull prineiple by writing it in the form ofa Slater
determinant. This aslao makes allowance for slectron

exchange, since it is not specified whieh electron is in
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each of the single electron states.

The moat commonly used wevefunotions are those
caloulated by the Hartee-~Fock method (Hartee 1957). This
method is based on the approximations outlined above, and
the aocuracy of the wavefunctions is optimised by uasing
the variation principle to minimise the total energy of

the system, caloculasted from the expression:

j@ e at
'

E =

(9)

N
jiidt

Other more sophisticated wavefunctions whisch have been
obtalned inolude those in which a term is added to the
potential to sllow for polarization of the core of the
atom. {(Bates and lMassey 1543).

Further approximations must be made in forming
the continuum wavefunction. The final state is that of
an unbound electron moving in the field of the ion, and
there are two common approximations to the field in whieh
the electron moves. In the unrelaxed core approximation,
(Cooper 1962) it is assumed that of the N single eleotron
wavefunctions of the initial state of the atom, N-1 remain
unchanged after ionixation. That is, apart from the
removal of one electron, the atom is unchanged, and the

ef'fect that the free eleoctron has on the others is ignored.
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The matrix element then involves only the spatial
distribution of one electron before and after ionization:
ro® /t. re ar (10)

In the relaxed core approximation, (Ceaton 1951) the
continuum wavefunotion is taken to be the anti-symmetrised
product of a fres elesctron wavefunotion and the single
electron wavefunctions of the ionic ecore. The effect of
the outgoing eleoctron on the ionic field is ignored. The
best central field will, of eourse, be something between
these two extreme cases, Close to the nucleus the field
is probably like the unrelaxed core field, while near the
edge of the atom the relaxed aore is & good approximation.
Thus, in low energy ocalaulations, where the reglon near the
edge of the atom is important, the relaxed core model
offers the better approximation. (Cooper 1962).
Te2e4 Sum rules

The probability for a transition between two states
may be expressed in terms of the oscillator strength, £ 0

defined by the expresaions

€ 2
fno = : !‘nol (11)

where ¢ is the energy difference between the two states,
and o is the dipole matrix element. Various moments of
the osoillator strength distribution, defined by

uy =L £, e? (12)
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may be eveluated to yield the asum rules:

(Dalgarno and Lynn 19573 Pieche and Levinger 196L; and
Lowry et al 1365 )

by =5 fpg € =3 (13)
H_, = -13 i::‘.ii [@: rgc ry ¢ ar - T T (1)
Mo = Z (Thomas=-Rei¢h~Xuhn sum rule) (15)
e %{E. + % 1::4.1 [&*21- By # dr} (16)
e = }-5-'-'-% f_[*: &(r,) o ar (17)

where a is the atomio polarigability, and x is the
diemagnetic susceptibility. These sum rules are important
because they relate the integrated oscillator strength to
the static parsmetera without any knowledge of the final
state wavefunctions,.

The sum rules have been verified in the case of
helium, (Migneron snd Levinger 19653 and Samson 1964a)
and neon.(Piech and Levinger 1964; and Samson 1965).
They may be used to extrapolate croes-section data to
wavelength regions which are experimentally inaccessable.
(Cooper 1962).

I.3 ‘Atomic Photoionisation Cross-sections

Measurement of the photoionization erosa-sections
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of atomic gases provides a valuable method of studying
photoionization processes because these gases have
relatively simple absorptiocn spectra. Theoretical oross-
secticnas are aveilsble for many atomic gases, and a
compariscn of these with the experimental cross-seotions
allows an evaluation of the verioua methods of calculation
to be made,

Te3a1 Comparison between experimental snd theoretical

cross~sections

There 18 good sgreement between the cross=-seotions
obtained by the theoretiocal methods ocutlined above, and
the experimental results for the rare geses, (Po Lee
and Weissler 19523 19553 Axlerod and Givens 1959; Ditchburn
19603 Baker et al 19613 Huffman et 2l 1963a; Perry-
Thorne and Garton 19603 Yderer and Tomboulian 1964
Rustgi 19643 Tustgi et al 19643 ¥atsunaga et al 1965;
Yetzger and Cook 196%5; Samson 1964a, 1964b, 1964c, 19653
Cairns and Samson 1965a3 and Lowry et al 1965)., In the
case of helium the agreement is excellent, and it is only
recently that the scatter in the experimental data has been
reduced sufficliently to choose between the various theo-
retical approaches, Samson (Samson 1964s) found that his
results were in best agreement with the caloulations of
Stewart and ¥ebb, (Stewart and Webb 1963) who used Hartree-

Fook wevefunetions.
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Calcoulations of the neon eross-section (Sewsell
1965) predict an sbsorption jump of up to 187 at the L,
absorption edge, which is the threshold for the ejesction
of 23 electrons. This Jump has not been obaerved in the
experircentsal resulta. (Samson 1965). This does not
necessarily imply that the ejection of 2s eleotrons does
not contribute to the cross-zectiocn at ensrgies higher
than the L1 edge, but may indicate a redistridbution of the
total oross-section among the poasible disintegration
processes. Samscn has suggested that the partial photo-
fonization eross-sections of the rere gases at energies

higher than the L, edge be determined. This could Ve

1
achieved by measuring the relative numdbers of electrons
ejected with energlies corresponding to the excess of the

photon energy over the energics of the L, and L3 edges

1
respectively. The measurement was not made in the present
worlk becsuse a sultable light asource was not avalladle.

The N, absorption edge of kryptorn is slso interesting,

1
since & negative abamorption jump is observed. (Samson 1963),
The total absorption cross—-section of atomio

oxygen hss been measured by Cairns and Samson. {Cairns
and Samson 1965b). Their results tend to be higher than
the theoretical results, {Dalgarno et al 1964) but because
of the experimental difficulties the scatter in their

results is too large to revesl any autoionized struoture
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whioch mey be present,

Ta3s2 Autoionigetion

While exsmining the absorption spectra of the rare
geses, Feutler (Beutler 1935) identified members of two
Rydberg series between the 2?2/2 and 2P1/2 11uits of argon,
krypton, and xenon. The unusuel festures of these lines
were that they were very broad, and they were asymmetrical
in shapey tailing off towsrds shorter wave-lengths.

The width of these lines was explained by assuming
that an atonm excited into one of the states indiocsted by
the absorption lines subsequently underwent a trensition
into the 2P§/2 ionigation continuum, the excess energy
being carried off by the photoelectron. If the lifetime
of the intermediate state was very short, then the level
would not be well defined. This interpretation was also
indioated by the fsot that the line struoture appeared in
the photolonization cross-seetions of the rare gases.
(etzzer and Cook 1965). The process was celled auto-
ionigation, or sowmetimes, preionization. In Fig.2 the
transitions involved in an auto-ionising process are
illustrated.

The presence of auto-ionized lines in the absorption

spectrum of helium (}adden snd Codling 1963) indiaates

that both of the electrons in the heliunm atom are being

excited to form a quasi-stable astate, which decays into



Quasi-stable

States
"
A+
hv
A
Fig.2. Energy levels of an atom A and the ion A+,

showing an auto-ionizing transition,.
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the ionigation continuur when all of the exeitation
energy is transferred to one of the electrons. This is
the simplest type o suto-ionizing transition whiceh may
oocur. In more complex atoms other changes in the core
may ogocur to produce a quasi-stable state which overlaps
the continuun, |

A simple explanation of the asymmetric shape of
the absorption lines has been given by Morrison. (¥orrison
1962). He considers the sutoionization process to be
internediate between an exoltation whieh gives a sharp
ebsorption line, and e 'direct' ionization process which
results in an lonisation continuun extending below a
threshold wavelength. These processes represent extreme
values of the lifetims of the intermediate state.

A comprehensive analysis of the profiles of
autolonized absorption lines has besn given by Fano and
Cooper. (Fano 13613 Fano and Cooper 1965). They
considered the problem of the configuration interection
betwesn a discrete state and an overlapping econtinuum,
and fouand that the profiles of the autolonized linea may

te represented by the formula:

ole) = cf((q + 8%/ (4 4+ € ):i + oy (18)

where

€ = (E - Er)/"%’r
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Irn this expression Er is the unperturbed energy of the
discrete state, T is the photon energy, and h/r is the
mean life~time of the level with respect to autoionisation.
The absorption co-efficient has two components, the second
(Gﬁ) referring toc direct ionisation. The line profile
is characterised by the numerical index q, and profiles
for several vsalues of ¢ are shown in Fig.3. Autoionized
line profiles corresponding to & lerge range of values of
q have been observed in the rare geses, {see for example
Samson 15633 Madden and Codling 1963, 1964).

Experimental determinations of the photoionisation
yield, which is defined as the number of ions produced
per photon absorbed, have shown thut the yield of the rare
gases between the 2P§/2 and 2?3/2 limits is equal to
unitye. (Semson 1964d4; Matsunaze et al 1965). This
indicates that ell of the atoms exclted to the emutoioniszing
levels in this region undergo trnnsitions to the ionizgation
contlinuunm, The results of experiments with molecular
oxygen which are presented in this thesis, (SscdVel.s)
indicate that & fluorescent transition frorn the autoioniging
state to 2 lower sutoioniszing state may occur bvefore the
transition to the ioniszation continuunm,.

Structure due to sutoionization has also been
obscrved by electron impact, (Morrison 1964) and by

positive ion bombardment. (Tudd 1964).
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Fig.3. Autoionized line profiles for several

valfes of q. ( Fano 1961 )
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I.k Molecular Thotolonization Cross-sections

Yoleeular gases in general have absorption apeoctra
wihich ere far more complex than stomic absorption spectra,
and for this reason they are less useful for studying the
basic processes of photoionization. However, the photo-
ionization of molecular gases in the atnosphere by solar
ultraviolet radiation makes the study of these gascs

important.

Tohol l'eslecular spectra

The couplexity of moleculsar spectra is a result
of the vast number of molecular energy states whioh exiat,
cach clectronic level having fine structure due to vidration
within the nmolecule, and rotatiocn of the molecule.
Instead of the asbscrption lines of the atomic apectra there
are wany absorption bands with reototionsl fine atructure,
Occasionally e number of bands sre observed whicsh
may be fitted to 2 Rydberg series converging to an ionization
potential of the zolecule, ¥ore often the bands fora
vibrational progressions, reprezesting a geries of transit-
ions iz which only two electronice stztes are involved.
Zuch a serlies of bands tends towerds s limit at a disasco-
iation potentisl of the molecule, which is the energy
required to split the moleocule into ita constituent atoums.
The spectra of diatomic molecules have been reviewed by

Hersberg. (Hergberg 19%0).
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The energy levels of = dietomic molecule msy be
pilctured in terms of potential energy curves in which the
potentiel energy of the molecule is plotted against the
internuclear distence. A potentiel energy curve for a
hypothetical stete of ¢ dlatomic molecule is shown in
Pigek. This curve shows the equilibriur irternuclear
distance T, of the state, the vibraticnal levels of the .
state, and the amount of wvidbrationsl energy I, required to
dissociete the nmolecule from the lowest vibrationel level.
The kinetic energy of the nuclei for a given separation

is represented by the vertical distance btetween the
appropriate vidbrational level and the potential energy
curve. Gilmore {(Gilmore 1965) has reviewed the potential
energy curves of several etmospheric molecules, and the
curves for soxe of the states of moleculsar oxygen given

by him are shown in Tig.5.

Tk ?2 The frgnk-Condon principle

If a trznsition occurs in a diatomic molecule
between the lowest vibratlional levels of two electronic
states which have different equilibrium internuclear
distences, then the relative positicns or momenta of the
nuclel must change during the transition. The Frank-
Condon principle states thst such s transition is unlikely
to ooccur, since electronic transitions oceur in a time too

short for the relatively massive nuclei to change thelr
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positions, or fheir nomentae

The noat prokaeble transition is the one which is
represented by the vertical line on the potential energy
diasgran in Tiget, nd the trrnsition 1gs to the vitrational
level closest $o the point of interacction of the vertiocal
liue and the potenticl curve. Zuch treonsitions, which
satisfy the conditlion thnt nelther the positions nor the
momznta of the nuclel change, are aften referred to as
‘vertical® trsnsitiscnse They correspond to tranaitions
between two gtates with similar wavefunctions. The
principzle may be extended to estimate the distribution of
intensity amonz the bsnds. (‘iterzbsrz 1950).

Tohe3 Ionigation potentials of molecules.

The dﬁtermination of the ionlzatlon poteatials of
atomie gases ip relatively simple, since Zydberg scries
aay be observed wnich converge to the ionigatlon potentilal.
However, in only = {ew c¢zses have “ydberg serics been
found in molecul~-r spectras.

Ionizetlion potentials which csnnot be determined
by spectroncopic nethods nmay te found by electriocal wmethods.
These methoda deperd on the observation of the onset of
fdonization in the gas os the wrvelength of an inocident
monoohromatic besm of radlstion ias swept past the threshold.
There hes bteen some dispute about the test method of

interpreting the experimental data. In a sinple exreriment
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where only the wavelength of the onset of ionisation is
measured, there is considerable difficulty in relating
the measurement to a particuler transition in the nolecule,
becsuse of poasidble Frank-Condon effeets. Since the onset
of ionization in a molecular ges is often very gradusl,
the velue obtained for the threshold wavelength will depend
on the sensitivity of the exveriment.

Tn most ‘'photoionigation' nethods of determining
ionization potentials the shape of the photoionization
crogss~section curve near the threshold i3 measured.
Interpretation of this curve helps the experimenter to
declde whether the 'verticel' or the 'sdishbatic' ionisation
rotentisl is being measured, The 'vertical! ionization
potential corresponds to a 'vertical' transition in the
frank=Condon sense, while the 'adiabatic' ionization
potential refers to & trensition betweer the lowest vibrat-
ional levels of the two states. +here the two electronic
statesa concerned have different internuclear distsances,
the verticasl end adisbatic values of the ionization rotential
ere different, es shown in Fig.6.

“atanabe (Wetsnsbe 1954, 13957) chose to ascociate
the ionizeticu potential with the point 2t which the
experimental curve changed direetion abruptly. ticholson
(icholson 1963) sssocinted the ionizetion potential with

the steepest part of the cross-section curve. These two
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interpretations give results which are in good agreement,
exce t when the energy spread in the besm is large, and
then llicholson's method is probably more accurate.
Hurzeler ct =1 (Hurzeler et al 1957) formed the first
derivative of the photoionizetion cross-seection curve near
threshold, and interpreted this 23 the profile of the

robability distridbution amocng the vibrational levels.

o}

The vertical iomnlzation potential wss essocisted with the
peak of this distribution, and the adiabatic ioniszation
potentipl was zssoclated with a sharp cutoff in the
édlastyribution, However, there is some uncertainty in all
of these interpretations, and the most relisble velues
cre obtained when the verticol and ndiebatic ionization
potentials sre nearly the sane. ‘nother source of
uncertainty in the photoionigzation wethod of determining

ionizetion potentials occurs in cases where the ionigstion

potentiel n=ay be conffused with the threshold of s éissocia-

tive ionization process. This unecrtzinty hes bteen
renoved by the identificaticn with = nass spectroneter of
the ions produced by photoionization. {flurzeler et al 1957),.

Tohelp Threshold tehaviour of ipnization
D s

Theoretical cross-secticne for tine photoionizetion
cf’ molecular gases have not been calculated in moat cases,
because sufficiently accuraste wavefunctiocns are not aveiloble.

However, the way in which the cross-scction incresses from
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threshoeld has been prediocted with simple models.

Vigner (Figner 19L8) predicted that the threzhold
law for processes such as photoionization, where the
products are oppositely charged, should te » step furction,
This is in good mgreement with the incresse of the total
protolonization oross-section of nitric oxide from threshold,
("atunabe et al 1953b; Watansbe 19543 Nicholson 1963; and
the present work, Sec. IT.3.5) where s series of steps
indicate the thresholds of excited vibrational states of
the ion. The cross=-section for tme photoionizatinn of
helium, (Samson 196La) where only = single ionizing process
nay oocur for some 30 eV above the threshold, shows a shearp
irerease from threshold, snd a zradual cecrease towards
ghorter wavelengths.

It is interesting to compere the threshold
tehaviour of phetoionization with that of ionization by
electron impact. In an ionizing collisicn with a molecule,
an electron may retain eny a2mount of crergy between zero
end the excess of its initisl energy over the iconization
potential of the molecule. Comparing this with photo-
ionication, where only a discrete smount of energy may be
absorbed, the electron impact cross-section mizht be
expected to be similar to the integral of the photoionizaticn
cross—-scction. If the photolonizatioson cross-secetlion

increeges from threshold like n step function, then the
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electron impect cross-secticn should increase linearly
frow threshold, £ linear incresse from threshold has
been predicted by Vannier. {lannier 1956). “xperimentally,
electron impact cross-secticns have been shown to inoreese
linearly from threshold over a2 region of severasl electron
volte. {lorrison 1362),

It is often found that velues of ionization
rotentials measured by electron impsct methods are higher
than those meazsured by photoionigation methods. The
assumption has commonly been mude thet electron impact
metheds lesd to the vertical ionizaticon potential, and
that the photoionization methods give the adiabatie value.
Ficholson {iicholson 1365) hes suggested that this is only
true to the extent thaet low resolution experiments would
tend to give the verticel lonization potential, and that
many electron impect experinents have had a low resolution.
It would ceem that & more fundemental difference tetween
the methods arises from the feot that the clectron is
chargede The incident electron csanot lose all of its
initial energy during a colllision, but must retain sufficient
tc carry it away frowm the moleculs. This is illustrated
by “annier's wodel., (Vannier 135%).

KecGowan et al (icGowan et al 1954) have obteained
8 value for the lonizetion potential of molecular oxygen by

electron impect which is in good agreement with values
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obtained by photoionization, using the ioniszation potential
of molecular nitrogen as a standard to calibrate the energy
scale, They have also compared the derivative of their
electron impaot cross-seotion for oxygen with the photo-
ionigation cross~-section obtained by Nicholson. (Nicholsoa
1363), Both ourves have the same structure, indicating
that similar autoionising processes occur in each caeca.

Teke5 Total photoioniszation eross-sections

Total photolonisation oross-sections may be
determined by measuring both the total absorption erosse
section and the photolonization yield of the gas. These
cross-sections provide information only adbout the total
number of ions produced, and 4o not distinguish between
the finel states of the ions, or the various dissociative
ionigation processes which may occur. It night Ve
expected thet steps in the cross-section curve would
irdicate the thresholds of new ionizing processes, but
rarely are well defined steps observed.

in example of such steps 1s provided by the total
photoionigzation oross-section of nitric oxide., (S60.IT.3.5),
These steps are associated with the vibretionsl levels of
the ground state of the NO* ion, (Watanabe 1954). The
relative heighta of these steps indicate the relative
probabilities of the trensitions, and thus provide some

icformation about the potentiasl energy curves of the states
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inyolved. {vorrison 1962).

The total photoicnization cross-section of oxygen
{etzger and Cook 1964a) shown in Pig.7 is typical of
noleculsar cross-sections. The complex esutoionized band
structure conceals wmost of the atructure in the continuum.
The broed, poorly defined maxima in the continuous psart
of the cross-section may indicate individuszl continus,
corresponding to excited ststes of the ion. (Cook and
Netzger 1964a). However, the results presented in
Chapter IV indicate thaet bLecause of the interaction between
the countinua, the individusl continusz are not indicated
clenrly dy the total cross-secticn. The value of the
rhectolonization yield of molecular zases is usually less
than unity, indicating that dicsoclation processes also

»
oCouUr . Heasuremnents of the total photoionization oroass-

L1 ]
sections of molecular gases have been reviewed by Weissler .
(Feisaler 1956).
Ioke6 Digsocietive ionization

It wes mentioned in section I.4e3 that the applic-

etion of the mess spectrometer to the identification of

Photon scattering may also ococur, but these processes
have cross-sections several orders of magnitude smaller than
other absorption prooesses (Heddle 1962).

See elso Cook snd Metzger 1964a, 1264b; GSanson and Cairne
196k Cook and Ogawa 1965%; Niecholson 1963; Metsger and
Cook 1964a; and “etanabe and Jursa 1964 for more recent
neasurements with atmospheric gases,
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photoionizaticn products allewed protesses of dissociative
ionization to be distinguished from other photoionization
LTOCESS€eS, This technique has been used to measure the
relztive cross—~secticons for the production of each particular
ion frogment. The early results of Weissler et 2l
{7eiszler et 21 1553) do not correspond well with measure-
ments of the total photolosization cross-sections by other
methods, but they show that for 02, N2, %0, and other
diagtomic and triastomic moleculecs, dissociative ionization
accounts for less than ten percent of the tot2l number of
ions produced.

There are consldersgble difficulties in measuring
the relative numbers of different iozns, because of the

«]

ef'fect cf the ion mass znd enerzy on the collecting
cfficiency of the apparatus. In moost of the experiments
of this type, it 1s the shape of the cross-section curve
for the groduction of a particulsr ion that haos been
measured. Dibeler et al {Tibeler et al 1965s) have
studied the structure due to sutocionization in the crosa-
+

: - .
sections for the {ormaticn of Hz, )

molecules have been studied by: DNibeler znd Reese 1364a,

, and 52. Cther

1964b3 Uacks z2né frzuss 1951; and Dibteler et al 1965b,

Teha7 Thresholds of excited ionic states

The energies of some excited states have been

determined directly from spectrcscoplc data. These levels
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are determined tc a typical accuracy of $.001 eV, In
meny coses wisre no ILydébery; cseries have been found, the

N

energy =i the state has beeun related to that of another

[&]

atatc by the obeervation of fluorescent radisticn emitted
when tronsitions between the two stetes occur, Come levels
heve been related in this way to ionizaiion notentials
which hove been determined by photoionization methods to

an accuracy oif ebout 0,01 eV, Tor zome levels the best

values avgilable are those deteruzined in electron impsct

L

5587, These

55, 1

A3

experiments. {Frost and !‘cDowell 1

AN

stetes azre identified with 2brust changes in the slope of
the cross-section curve, The measurezents have an accuracy
of' sbout 2.1 €V,

Takob Pertigl photoionigation eross-sections

o

If as = result of photoionizetion iosns are produced

{5

in an excited state, [luorescent radistion is emitted when
the ions return to the ground stnte, and the intensity of

ie fluorescent radistion is za indication of the number of
lons prcduced in the particular ctote. CbLervation of
fluorescent radietion therefore provides & zethod of
mecsuring partlal ocrcss—sections for photoionigation to those
states of the ion from which sliowed transitions to &

lower stete of the ion occur. Jehoen et =1 (Schoen et al
1961) otserved fluorescent radiation from several gages,

They were unable to disperse the fluocrescent radietion, but
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they measured the total intensity as a Tunction of the
wavelength of the incideunt beauw,

Ir a similer experiment {uifman et al (HufTman et al
1963%, placed a lower limit on the wavelength distribution
the flurcscent radistion from nitrogen, by observing
it through gquartz and glass windowas. They concluded that
the first negetive band systeam wes being observed, but not

the leinel bzndse This indicsted that a consgiderable

Ny

nupber cof ions were nroduced in the B 2: state of N;.
This result has been confirmed by Judge et al, {(Judge et
al 1353) who succeeded in dispersiug the Tluorescent
raiiation from seversl gases. T'he resolution was not good,
but +they were sble to observe the profile oi' the first
nezative band systesc of nitrogens
Yor oxygeu, at a wavelength of 703 ﬁ, Judge et al
observed the second negative band system, indicating the
production of ions in the Agﬂu state of 0;. However, at
an incident wevelength of 630 2 they observed the first
nezotive bend systew, indicating that ions were produced
in the bhz‘ state in preference to the Azﬁustate. They
alsc observed a delsy in the fluorescence from oxygen,
which they associated with the metastable akﬂu state of 0;.
It is apparent that the observation of fluorescent

rac€intion is far from ideal as a method of obtainimg partial

photoiconization cross~sections. The radiation is difficult
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to cdetect beczuse of its low intensity, asnd the presence
of mectastable states miokes the luaterpretation difficult,.
Alse the number of ions produced in the ground state cannot
be measured directly.

The alternative method of deterzining partial photo-
ionization cross-ceotions is to nmeasure the energy distri-
btutiosn of the photoelectrons, since the energy of the final
state of the ion is uniguely determined by the difference
between the photon energy and the photoelectron energy.
few ex_eriuments of this nature have teen pcrformed. Al-
Joboury and Turner, {2l-Joboury and Turner 1963) and Frost
and leDowell (Frost and !eTowell 1955) have recorded the
energy spectra of the photoelectrons produced in s number

es by undispersed radiation frox o helium discharge

(584 2).  vVilesov et al, (Tilesov et ol 1761) and Schoen
{Schoen 196k, hnove obtnined estimates of the photoslectron
energy distributions at a number of wavelengths using a
cylindrical retarding potential analyscr. The partial
photoionization cross-sections of moleculer oxygen
measured by Schoen nore shown in Tigele These results are
usef’ul, but they contain little detail. The experiments
which have been perforned indicate that 2 more detailed
investigation of partial photoionization cross-zecticns is
possible. The method provides a powerful tool for invese

tigating details of photoionization proeesses which have
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previously been inacceasible.

In Chapters III and IV experiments are
desaribded in which the partisl photolionisation eross-
sections of oxygen, nitrogen and water vapour have been
measured. A photoelectron spectrometer with better
resolution thaen the one used by Schoen was used in the
. experimenta, and & continuum light souroce allowed a
detailed study of the partial oross-sections, Thoto~-
eleotron energy spectra of oxygen are presented whioh
indicats a new sutolonlising process. Xz a baekground
to this work, the mossureasnt of total cross-sections
is discussed in Chapter II. Also described in this
Chapter are twc sxperiments in which total absorption

end total photoionization cross-pectlons are measured.



CHAPTER IT

MEACUREMENT OF TOTAL PHOTCIONIZATION CROSS-SECTIONS

ITI.1 Light Sources for the Ultraviolet Region

in 1deal light source for use in absorption
measurenents is one which emits & continuous renge of
wavelengths with a smooth intensity distribution. Radiation
from an electron synchrotron provides an almost ideal light
source for the ultraviolet region, {(¥edden and Codling
1965) but it is imprscticable in most inatances. A
variety of ultraviolet light sources have been used, ezaoh
belng useful in a particulsr apectral region.

Most of the light sources uvased for the ultraviolet
region consist of a2 gas dlscharge in which a high current
density, and therefore a high intensity, is achieved by
confining the discharge within a2 narrow tube, Power may
be supplied to = capillary discharge in a number of ways.
The discharge may be excited by microwave power, (Wilkinson
and Byram 156%5) and in this case the capillary tube 1is
surrounded by a resonant microwave cevity. In the present
experiments power was supplied to the light source in two
different modes. The first of these was the A.C. mode,
(Fige 9a) in which the lamp was connected to a high voltage
(15 kV) supply through a series resistaznce, which had the

effect of stabilising the discharge. The speotrum from a
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discharge through hydrogen shown in Fig.,l0 was obtained by
this method with a discharge current of 60 mA. through
L mm.Hg. of hydrogen, The ‘'many lined' spectrum of
molecular hydrogen in the region 900 R - 1500 2 provides
g2 continuous range of wavelengths, but is far from being
ideal because of the large fluctuations of intensity with
wavelength, When this spectrum 18 used for sbsorption
reasurenents, great care must be taken toc ensure that false
structure does not ococur in the cross-seoctions beoause of
the atructure in the light source spectrum.

lore setisfactory light sourcee have been obtained
by exciting the emission continus of the rare gases. {(Tanaka
et al 1958; Huffman et al 1965; Tanaka et al 1962
Wilkinson end Byram 1965%5). The Hopfield continuum of
helium (Hopfield 1930) has & useful intensity in the range
600 R - 1000 §. In a discharge through helium at high
pressure (50 mmeHg.) diatomic helium molecular ions are
formed in their bound first excited state, (Tanaka 1942)
and the continuum is due to trensitions between this state
and the unstable ground state of the ion. Corresponding
continuous spectra have been excited in neon (750 % =
1000 2), argon (1070 % - 1600 R), xrypten (1220 R -1700 &),
and xenon (1470 & - 1900 R).

In order to produce ions in the gas discharge a

very high ourrent denasity is necessary. In the present
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experinents this was achieved by using a condensed spark
discharge, which was produced with the cireuit shown in
PigeShe A condensor bank was charged through a2 series
resistance, and discharged through the lamp via a apark
gap between two tungsten electrodes. The breakdown
conditicns of the spark gap were stabllized by illuminating
the gap with ultraviolet radiation from a quarts mercury
lamp, and by passing a jet of compressed air through the
£aps The apectrum exocited in helium in this manner is
shown in Fige.ll. The helium was purified (Newburgh et al
1962) by passing it through =z trap containing s molecular
gieve materisal which was cooled to liquid air temperature,

IT.2 Absorption Heasurements

Total absorption cross-~zections can be determined
by measuring the sttenuation of a monochromatic beam of
radiation as it passes through a cell filled with the gasa
under study. The usual experimental srrsngement (eege
Huffman et al 1963¢c) consists of an mbsorption cell placed
behind the exit slit of a vacuum ultraviolet monochromator,
end an ultraviolet detector at the end of the ecell, The
ratio of intensities I/Io is measured by taking readings
from the detector both with the cell filled with gas to
a known pressure, an@ with the cell evacuated.

IT1.24%4 Detectors for the ultraviolet region

In an ebsorption experiment it is only necessary
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t0 measure relative beam intensities, and absolute
calibration of the detector is not needed. The most
convenient form of detector conrista of a photomultiplier
tube made sensitive to ultraviolet radiation with a coating
of sodium salicylate, which is a fluorescent maoterial.
(Johnson et al 1951)., The spectral distribution of the
fluorescent radiation from sodium salicylate has a maximun
et mbout 4250 K, which corresponds well with the speetral
sensitivity of S~tyve photonultiplier esthodes. (Allison
et al 1964).

Sedium salicylate has an sbsolute quantun
effioiency of 94" at wavelengths necar 1200 £. (a1lison
et al 1964)., 'The relative quantum efficiency as a function
of wavelength is reasonably constant over a range of
wavelengths from 500 % = 3000 X, (Tohnson et al 1951;
Watanebe and Tnn 19533 Smith 19613 end Zamson 19644)
although there is some incresse in the efficiency from
1000 % to 1600 . A further advantage of sodium sslicylate
is its stability under vacuum, sinoe the fluorescent
coating must be placed within the absorption cell,

Cook and Vetzger (Cook and Metzger 196ka) used s
platinum photocathode as an alternative detector for
naklng absorption measurementa. This detector had the
adventages of a stable sensitivity over & period of time,

making it suitsble for absolute calibration, and of being
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insensitive to long wavelength scettered light from the
nonochrounator, In the region above 1050 g, which is the
transmission limit of lithium fluoride, gas filled
ionization chambers may be used ss ultreviolet detectors,
(Carver and Mitchell 1964), These chambers z2lso have the
advantage of being sensitive only to s limited spectral
renge, and a number of different gpectrasl responses may be
obtained by using different combinations of window and
£illirs gas.

IT.2.2 [Irocedure for measuring moleculsr oxygen absorption

crosg-aseotions

A diagream of the experimental arr:ngement which was
used ta measure the absorptiocon crogs-section of molecular
oxygen is shown in Fig.,l2. The monochromater was of the
Seya-ianioka type (MoFherscn model 235) with a half-metre
grating blazed for 1500 X. S1it widths of 304 gave a
resolution of 1 Z. The light source was a hydrogen
disoharge in a windowless lamp, which gave the spectrun
shown in Fig.l0.

A number of absorption ecells, runging in length
from O.13 cme t0o 15 cms, were used. A1l the cells were
of demountable construetlion, using O-ring sesled flanged
Joints. The construction of the shert cell, shown in
Figel3, was such that the length of the cell was

determined by a spacer which was empsily interchanged,
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The e¢ells were fitted with s lithium fluoride wiadow at
the end neareat to the exit slit of the monochromator,
and a sodium selicylate coated glass plete at the other
ende The ourrent from the photomultiplier tube (E.M.,I.
95143}, which was placed behind the fluorescent screen,
was "ed into a d-c¢ amplifier (Hewlett~Psckard model 4251).

The length of the cell and the gas pressure were
adjusted for each measurenent s50 thet about half of the
beam wes absorbed in the c¢ell, Absolute measurements of
the gas pressure to sn asccuracy of about 5  were made with
two manometers, Fressures grecter than 2 cem. Hge, were
nessured with e mercury msnometer. £ liguid air cocoled
trap was placed between the meroury wsnometer and the
ebzorption cell to prevent contamirnetion of the cell with
mercury vapour. Pressures betwecn 1 nme. Yg. and 20 um.
Hge were measured with & masnometer filled with ‘piezon C
0il, which has a specific gravity of 0,875, The oll wasa
outgassed by heating it while the manometer was evacusted.

The gas used was 'medical grade' oxygen supplied by
Commonweslth Industrial Gesesz. It wea purifled by
condensing & quantity of the gas in & liquid air c¢ooled
trap, 2nd allowing the liquid oxygen to boil under vacuum
for some time before being allowed to eveporate iunto the

absorption cell through a needle velve. Before being

filled the absorption cell wes evacusted to & pressure of
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less than 10~% am. Mg. with 2 two inch oil diffusion pump-
ing systen.

The procedure for obtaining the data wes as
followa, The relative intensity Io was neasured wlth
tho cell evacucted. The pressure in the cell was then
ineressed until the trensmitted intensity had dropped to

~about half of IQ, when the pressure and the intensity T

were noteds The cell was then evascusted to cheeck the value
of Io in cese the intensity of the light source had drifted.
This procedure was repeated at emoh wavelength setting,

The use of gseveral cells of various lengths ensbled a
reesonebly small range of pressures 4o be used. Some of
the nepsurements were repeated using a nitric oxide filled
ionizetion cohamber as the detector.

While using the wide band zodiurn salicylate
detector it was important to mske corrections for the
scaettered light whieh was present in the beam from the
monochromator, but had a wavelength different fron thet
of the beam. The intensity and wavelength distridbution
of the scattered lizht was investigested by placing a
variety of windows in the path of the bean.

By placing & lithium fluoride window in the path
of the beam, and setting the wovelength of the beam to a
value just below 1050 %, which is the transmission limit

of 1ithium fluoride, only that portion of the seattesred
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light whioch had =» waveleggth sreater than 1050 R was able
to reac: the detector. Leaving the wavelength setting
unaltered, and placing 2 caleium flusride window in the
poth of the beam, the total intensity of the zcattered
lignt with wavelengths longer than 1220 ? wes found to be
about the scme as that of the previous zcasurement, after
a correotion had been mede for the different tranaperencies
of the two windows,. A sspphire window produced s similsr
result, showing that nost of the scattered iight had s
wavelcugth greater than 1420 R,

To test the devecdence of the scattered light
intensity on the wavelength setting of the monochremetor,
the irtensity of the rsdiation transcitted by @ sapphire
window was recorded as the wavelength setting was scanned
froz 1050 £ to 1350 8.  The intensity was found to be
reasonably constant in thiszs region, * correction wes made
for the scettered light intensity simply by subtracting
e constent bias from the photomultirlier signal, The biss
was cheoked at frequent intervsls by setting the vavelength
to 2 value less than 1950 g, andé adjusting the detector
signal to sero. The sdequacy of the correetion was
indiczted by the agreement between cross-sectiona obtained
by this method, =nd those obtained using = gas filled

ionization chamber as the dectector.
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IT.2.3 Total sbsorption cross-sections for moleeular

oxygen in the rezion 10K0 2 to 1250 R.

The cross-section for absorntion by moleculsar oxygen
in the region 1050 & to 1250 % is shown in Fig.lh. Watanabe
(vetnnabe 1958) has reviewed earlier memsurements of this
cross-zsaction, end a more recent measurement has been msde
by Hetzger and Cook. (Metsger and Cook 1964)). The
presant results are in gereral agreenent with those of the
rrevious workers. The ebsorption spectrun in this region
has a complex band structure which is diffuse because of
pre-dissociation. (Price and Collins 1935). Many of
the bands have not been identified. There are seven
absorptior windows between the bands where the absorptioen
cross~section is very low {ox 5.10-200m.2}. There msy be
a weak dissociation continuum in this region, but it must
have 2 cross~zection zmaller thzan louzocm.z.

The most important of the absorption wincdows is
the one which coineides almost exactly with the wavelength
of the hydrogen Lyman<a line. Since molecular oxygen is
the principel atmospherie absorber st these wavelengths,
the intense solar Lyman-a line is sble to penetrate to an
eltitude of about 80 xm., and may be important in the
formation of the D-region of the ionosphere, An accurate

value of the sbsorpticn cross-section of molecular oxygen

at the wavelength of Lyman-a is slso necessary for the
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deternination by sebsorption zethode of moleculsr oxygen
dengities in the 70~90 kn. region of the stnosphere.
(Corver and witchell 13545).

For these resscns the absorption cross~section in
the regicn of 1216 X was studied ir greator detzil. Ths
shape ol the absorption window shown irn Figel5 is in good

agreenent with that given by previous workers. (Ditchburn

~

[
[1:]

et sl 1354; TolLee 12553 and Totansbe 1255). The eross-
section at the wavelength of Lyman-az was found to vary

linearly with pressure in the range fro~ 2 mm. Hg. to

+3

50 om. Mze, as shown in Fige.lh. This is in agreement with
the measurements of other workers. {Preston 1940; Tetanabe
et 2l 1953b; =nd “atanabe 1352) Titchburn et al (Ditchburn
et 21 1954) snd PoLee, (PoLee 1955) who used photographic
methods, found no pressure depcndence at this wavelength,
The pressure dependence of the cross-section is probably

ks
il

due to the pressure brosdening {Herzbherg 13550) of the
nearby absorption bands. The cross-section for the
ebsorption of Lymen-a radiation st zero nressure was est-
7 \ =20 2
imated by extrapolation to be (1,12 + 0.,05)x 10 Cle o
This is in zood agreement with other vzlues determined by
photoelectric methods, but is higher than values obtained

by photographic methods.

I1.53 Thotoionization Yield Heasurewents

Since the photoionization yield of the rare gases
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is equsl to unity, (Zamson, 19644} V¥atsunage et al 1965)
the photoionisation cross-sectior is equal to the total
absorption cross=section. The photoionization ocrosa-
seotions of these grses mey therefore be measured by the
atsorption method Jdeszeribed above. This a2pplies even in
the regions of putoionization of the rare gases, and
probably applies to other atomic gases.

Molecular ;nses ususlly haeve a photoionization
vield whioh is less tha: unity, esnd in order to determine
the photoionization cross~section both the total absorption
cross=section, and the yield must be measured at each
wavelength, There are two general methods for determining
photolonization yields.

ITe3+1 The single ion chanmber method

7“atanabe et al (Vatanabe et al 1953a) determined
the photolonization yleld of nitric oxide with an apparatus
of the type shown in Figel7. They dctermined the rate at
whigh photons were absorbed in the cell by measuring both
the absolute intensity of the beam entering the cell, and
the total ebsorption oross-section of the gase The total
absorption crosse-section wes messured in the manner already
deseribed, using the detector st the end of the cell.

They measured the ion production rete with the
parallel plete ion ohember which was contained in the

absorption cell, A voltage applied to one plate repelled
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the jons towards the othsr plate where they were collected
with a sensitive electrometsr. The ratio of the ion
production rate to the photon absorption rate gave them
the value of the photoioniszation yield.

ITue3¢2 The double ion shamber method

tnother method for measuring photdionisation
yields has been developed by Wainfan et sl (¥ainfan et al
1555). This method involves the useof the double ion chamber
shown in Fig.lZ2, and hes the advantsze that all the meas-
urements necessary to determine the total absorption eroass-
section and the photolonization yield mey be made
sinmultaneously.

Expressions for the ion currents 11 znd 12 ¢ollected
fro= the two ion chambers may be written down in terms of
the total absorption co-efficient &z of the gas, the

absolute bean intensity Io which enters the cell, the

photoionization yield Y, and the peth lengths x, ané x

1 2
through l1 and 12 centimetres of the zas respectively:
1, = YIo(e‘kx1 - o7k(xy + x,), (19)
i, = YIo(e"(x1 v xp) L gmk(xy 2x) ) (20)

Dividing equation (15) by eguation (20) gives:

1 = e 2 (21)

Thus the totel absorption coefficlent is determined by



5 5=

measuresents of the two icon currents, and the path length
through the gas. The yield is found by inserting the
values of the absorption coefficient ané the sbsolute beam
intentity I_ into equation (19) er {(20).

Tle3e3 Intensity measuresents in the ultreviolet region

The only method available to esarly experimenters
of deteraining ebsolute besn intensities {Facker end Loock
1351) was that of using a sensitive thermopile to transfer
the c¢alibretion froama a standard lamp to the ultraviolet
region, zhere it was used tc calibrete a secondery stendesrd,
such 28 a sodium salicylate datector. It hed to be
assuned thet the thermopile wos equslly black to ultraviolet
end visible raediastion. fecause of the relatively low
sensitivity of the thormopile, the slits of the ronochron-
ngd to be zade wider than is usual during 2an experiaent
in order to obtzin a measurable signzl from the thermopile.
The signal to nolse ratio was improved by the use of a
cheopped besa and synebhronous smplificrz, but ithe measure-
nents were very difficult, Johnston ané Yedden (Johnston
and Hadden 1965) have recently reviewed the use of thermo=
riles in the ultraviolet region.

Samson {(lamson 19644) used the double ion chamber
technique, which was discussed in the previcus section,
with 2 rare gos to measure absolute beam intensities.

Since the photoionization yield of the rare geses is egual



-46-
to unity, inserting the total absorption coefficient into
equation (19) or (20) gives the beam intensity I,e This
method is limited to wavelengths shorter than 1010 X, which
ia the ionisgation threshold of xenon.

In the experiment to measure the total photoionix-
etion ocross-section of nitrie oxide {Sec,II.3.,4), an
absolute calibration of the beam detector was made using
the double ion chamber by assuming the value of 817 given
by Watanabe and Mataunaga (¥atanabe and Yatsunasa 1961) for
the photoionization yield of nitrioc oxide at the hydrogen
Lynan-a wavelength.

II.3.4 Procedure for measuring the total photoionisation

cross—-section of nitric oxide

The experimental arrangement whioh was used to
measure the total photolionisation oross-section of nitrie
oxide i3 shown in Fig.l9. The plates of the ion chamber
were construocted of stainless steel, and insulated from
earth with teflon. The electrode structure was mounted
in a copper vacuum chamber which could be evacuated to a
pressure of less than 10-6mm. Hge with a two inch pumping
systeme The half metre Seya-Namioka monochromator was
used with slit widths of 60 corresponding to a resolution
of 2 X,

The eollecting plates of the ion chamber can be

seen in Fig.20C, A guard electrode at either end of the
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collecting region ensured thet the ions were collected
from well defined areas. The ion current seturation
characteriatiec of the ion chamber is shown in Fig.2l. A
collecting potential of 60 volts wes sufficient to cause
saturation, but not so large as to cause secondary effects.

A resistsnce of 1011 chms at the input of the
electrometer (Wayne-Xerr model ¥1lhl) was sufficient to
measure the ion current, which was of order 10'12 amps.
While the current frou one plate was being measured, the
other plate and the guard electrode were conneeted to the
guard terminal of the electrometer, which was maintained at
the same potential as the input terminel of the electrometer.
The voltage cutput from the electrometer was fed into a
strip chart recorder, which indicated when the electrometer
reading, which had a long time oonstant, had reached a
conatant value,

The intensity of the beam was messured by a
czlibrated beam sampling device placed at the exit slit of
the monochromator. The sampling device, shown in Fig.22,
was similar to the one used by Ditchburn (Ditchburn 1962).
4 wire grid coated with sodium salicylate placed in the
path of the beanm, intercepted a small, but constant,
fraction of the bean. The fluorescence induced in the

sodiunm salicylate was observed by a photomultiplier tube

through =2 perspex light pipe. A filter circuit at the
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input of the d-c amplifier (Hewlett-Packard model 4254)
which was used to amplify the slznal from the photomultiplier
tube, had a time constant equal to that of the electrometer,
and sveraged out high frequency fluotuations in the beam
intensity.

The nitric oxide, which was supplied by Matheson,
was purified by passing it through a U-tube filled with
sllica=gel, and cooled to ~70°C with a mixture containing
equal perts of carbon tetra-chloride and chloroform, which
was frogen by stirring it with liquid air. The gas
pressure, which was of order 1 nm. Hg., was measured with
an 01l manometer. The manometer had to be outgassed
frequently, as the oil absorbed nitric oxide.

ITo.3e5 Nitric oxide totsl photoionization cross-section

in the 1150 % to 1350 % resion

The total absorption cross~section and the total
photoionization eross-seetion of nitric oxide in the 1150
X to 1350 R region are shown in Fig.23. The band structure
in the atsorption eross-~section does not appear to be
appreciably autolonised as it does not appear in the photo~-
ionization eross~section. The total photoionization
cross-seotion is in good agreement with that of Watanabe,
(vatanabe 1954) aas indeed it should be since the photo-
ionization yield was normaliszed to that of Watanabe at the

wavelength of Lyman-a.



cm.2 )

10-18

(

Cross-section

‘T?,s,
)
¢
B
A\
?;7-"’
Qz\
o

) I — l

1150

1200 1250
Wavelength ( R )

L23. Total photoionization (®) and total absorption (0)

cross~-sections of nitric oxide; ¢



-l 9«

The most interesting feature of the photolonization
cross~seotion is the steplike increase from threshold,
Steps appear at 1339 X, 1300 %, 1262 %, 1225 8§, ana 1190 8.
The mean separation of these steps is 0.29 eV, Watanabe
(Vatanabe 1954 ) has suggested that these steps indicate
the thresholds of the vibrational levels of the ground
state of NO*, The measured separation of the pteps is in
excellent asgreement with the value of 0,29 eV for the
separation of the 0-0 and 0«1 bands of the Miescher-Basr
emission system of nitrie oxide, (Miescher and Baer 1952)
which has been associasted with these levels. The shape
of the present photoionisation croas-section is in better
agreenent with that of Watanabe (¥atanabe 1954) than with
that of Nioholson {Nieholson 1363).

The relative height of the five steps decreases
fairly uniformly from the first to the last, Taking
account of the Frank-Condon prineiple, this indicates that
the first atep corresponds to a vertical transition, since
the height of & given step may be considered to be an
indication of the cross-seoction for the transition to the
particulsr vibrationsl level. (Morrison 1962). Because
of this the first step may be confidently aszsociated with
the adisbatic ionization potential of the molecule (zge
Se0eTelre3). The lonization potentisl was associated with

the steepest part of the first step, and the value obtained



was 3.26 ¢ 0.02 eV. This compares well with the value of
9425 ¢ 0402 eV given by Watanabe, (Vatansbe 1957) and

9¢250 ¢ 0.005 given by Nicholson (Nicholason 1963).
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CELAPTEERE ITT

THE _PHCTOELTCTREON SFTCTROHETER

II1.1 Introduction

In Chapter I it was pointed out that a knowledge
of the pertial cross-sections for partiocular photolonization
processes is essential for a further understanding of the
processes of photoionigetion, It was indicated that the
moat promising method of obtaining partiel cross-sections
was # study of the energy distribution of the photoelectrons.,
A knowledge of the photon energy and the photoelectron
energy uniquely determines the energy of the state of the
ion relative to the ground stste of the molecule.
Although the partial photoionization ecross-=sections of
Schoen (Schoen 196%) shown in #1g.8 do not contain very
nuch detsil, they indicate the possibility of a more
detailed study of partial photoioniszetion cross~-zections.

Apart {rom determining which of a number of xnown
energy states the ion is in, a photoelectron spectrometer
provides a new method of determining the energies of the
ionic states, as has been shown by Al-Joboury and Turner.
(Al-Joboury and Turner 1963), fnother possible application
of 2 photoelectron spectrometer 1is its use as an ultraviolet
specstrometer, If the spectrometer is filled with a gas

in which monoenergetic photoeleoctrons are produced by a
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monoshrometic beam of ultraviolet radiation, then the
energy spectrum of the photoeleotrons produced by a non-
monochromatic beam is the same as the spectrum of the beanm.
This epplication is discussed further in Appendix I.

ITI,.2 Eequirenrents of the Spectrometer

The essential features of & photoelectron apectro-
neter are an ionisation region where 2 bean of rediation
nay pass through a sample of the gas under study, a nmeans
of collecting the photoelectrons from the ionization
region and of measuring their aenergies, and s means of
detecting the electrons. In the present experiment it
was planned to study cach lonising process over a range of
wavelengths extending from threshold towards higher energy.
Thus & spectrometer was required whisch was capable of
measuring electron energiles ranging from near zero to some
tens of electron volts. It wag =130 dasirable that the
spectrometer should have a resolution of better than one
tenth of an electron volt, which is the order of separation
of the vibrational levels of many molecules. Finally,
it was essential that the energy ascsle of the spectrometer
be determined at least sufficiently well to identify the
peaks in the photoelectron spectra, and preferably
suffieiently accurately to meke independent determinations

of the energies of the molecular states.
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IIT.2.4 Cholce of spectrometer

Some order of magnitude caloulations‘of the
numbers of electrons which may be deteoted under typical
conditions, using *he vsrlous methods of analysis and
deteotion of low energy electrons, -rc helpful in making
2 cholce between the possible spectrometer designs.

Fxperimental limitations which are common to all
types of spectrometer are the gas pressure which nzy be
used, and the intensity of the beam of ultraviolet
redistion which may be obtained in the laboratory. The
gas pressure in the ionizstion region is limited by the
fact thaet the mean free path for the electrons in the gas
must be sufficient to allow the electrons to travel to the
detector without having collisions with other zrs molecules.
This ' places an upper limit of sbout lOﬂzmm. e on the gas
pressure. The maximum beem intensity which may be obtained
from the vscuum ultraviolet monochromators used in the
present experiment is typically of order 109 photons per
second. Taking 28 a typicel set of conditions a gas
preasure of lo-amm. Hgs, a bean intensity of 109 photohs
per second, and a photolonization coefficient of 500 cm.-1,
the number of photcelectrons produced per centimetre path

along the beam is of order 107

electrons per seocond.
The number of photoelectrons collected from the

ionization region by a given detector iz elso affected by
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the distribution of the directions in whieh the photo-
electronus are cemitted. The direction of emission is
defined by the angles 8 and ¢ as shown in FigeZh.
Sommerfeld (Sommerfeld 1930) hss shown that for eleotric
dipole transitions, the probability of an electron being
emitted in & direction (0, ¢) ic independent of ¢, but
depends on Binzﬂ,(sae CeCeIVelel)s The spectrometer
should, therefore, be designed to accept electrons travel-
ling in & direction perpendicular to the beam direction.

0f the methods available for analysing low energy
elegtrons, the parallel plate eleotrostatic analyser ia
capable of the be=t resolution. However, .an analyaser of
this type necessarily accepts electrons from only a small
#0lid angle, and few electrons enter the analyser, An
anslyser of moderate resolution operzting under the
conditions outlined above accepts photoelectrons at the
rate of only 100 per second, and moreover, this number of
electrons 1s spread over the whole spectrunm. The problem
of detecting such a small number of electrons makes the
use of this type of analyser very difficult,

The retarding potential analyser has the advantage
that its aperture is not limited, since it may consist of
two wire grids of large area. The electrons must be
collimated 80 that only those travelling in a direction

normal to the plane of the grids reach the snalyser, since
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Fig.24. Diagram defining the angles & and ¢
which describe the direction of

emission of a photoelectron,
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otherwise ouly a2 component of the electron energy is
mneasureds ceveral foras of retarding potential snalyser
nay be considered, in analyser of spherical geometry,
with a point source of radiation at the centre, requires
no collimetion,and under typicel conditions, with an
effective point source consisting of & one centimetre
cube, collects about 107 electrons per second. An snalyser
of cylindrical geometry has the advantage that electrens
are collected from & region whioch may extend indefinitely
along the beam, but the electrons must be collimated. A
¢ylindrical analyser of length 20 om., in which the
electrons are collimeted so that the spread in the measured

energy component is 57, collects zbout 107

electrons per
saecond under the same conditions,. A plane parallel
retarding potential analyser with a length of § em., and
with collimatiocn with respect to both 0 and ¢ sllowing a
5’ spread in the measured energy component, collects
eleotrons at a rate of order lO5 per seconds

L.ach of’ the analyszers must be considered together
with an appropriate form of Cetsector. Low energy electrons
may be detected and counted simply by ocollecting them on
an &node, and measuring the electron current with =&
sensitive slectrometer, In order that the measurement

shourd not be too difficult, the current must be greater

than 10-15 ampsSe., isce more than lO6 electrons nmust be
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¢cllected per second. Other metheds of detection are
rossible if the elcotrons are accelerated to en energy
eufficient to produce secondary elfects. In the electron
multiplier tube, for exemple, secondary emission from
dynode surfaces produces suificient smplificetion to allow
individual electrons to be counted. {Lassettre et 2l 1944).
However, these dctectors require & ressonably good vacuum

{ < 10‘2"

nm.Hg.), and heve a limited aperture. ¥ethode of
detectlion in which individual electrons are counted have a
high sensitivity, and are suiteble for use with the electro-
static analyser or the plane psrellel reterding potentisal
anzlyser which were discussed nbove. The electrosteatic
analyser presents the possibility of messuring the angular
distribution of the photoelectrons, but the very small
number of electrons which may be detected makes this &
difficult approach to the experiment. The eylindrical
retarding potential anzlyser with anode detection was chosen
because of 1ts simpliecity. The current of 10-12 anps.
expected with 57 collimstion is easily detected. Although
an energy spread of 57 iz too large to properly resclve
vibrational structure in the spectra, the advantages of
better collimation are outweighed by the disadvantages of

& smzller electron current in this type of apparatus.
Retarding potential anslysers of ecylindrical geometry have

been uscd previously for elcctron impact studies, {(Lozier
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1930) and as photoelectron spectrometers. (Vilesov et al
1961; il-Joboury and Turner 19563; and Schoen 196L4).

ITT.3 Construction of the ipparstus

4

A diagram of the photoelectron spectrometer is
shown in Fige.25. The spectrometer comsisted of three
concentric elecctrodes - the collimator, the analysing grid,
end the znode,

ITI«3+1 The collimsator

The inner electrode shown in Fig.26 performed two
tasks. Firstly it produced a field free region in the
centre, through whiéh the ultrsviolet besm passed, and from
which the photoelectrons were collected. The electrode
structure continued past the electron collection region at
each end to eliminate electric £iegld penetration into the
ionization region. Since the photoelectrons were produced
in a field free region, the measurenent of their energy
did not depend on the position in which they were formed.
Secondly the inner electrode acted as a collimator, being
trensperent conly to those electrons which travelled in =
direction within 12° of the direction of s radius normal
to the exis of the spectrometer. This sngle of 12° defined
the 5 energy resolution., Collimation with respect to 9
wvas aschieved with & series of equally speoed annuli, These
had inner end cuter diameters of 1.5 inches and 3 inches

respectively, and were spaced at intervals of 3/16 of an
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Fig.25, Diagram of the photoelectron spectrometer.



Fig., 26. Collimating electrode of

the photoelectron spectrometer,
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inoh. Collimation with respect to ¢ was necessary becsuse
the beam from the monochromator almost filled the space
wlthin the collimator, and an electron prcduced at the edge
of the beam, and travelling in e tangentisl direction,
made a8 large sngle with the retarding field. Collimation
in this sense was aohieved by inoluding strips in the
elestrode whioh lay in planes which inoluded radii of the
spectrometer at 12° intervals. These longitudinal strips
may be seen in Fig.26. The collimeting elsctrode was
constructed of copper, and coated with graphite (Aquadag)
to reduce electron refleotion and secondary emission, as
explained in the Sec.IIT.5.4.

ITII.3+2 The anglxainﬁ grid and_anode

The analysing grid copaiste& of a eylinder of
stainless steel wire mesh having 80 wires per inch. The
grid was 3.5 inches in diameter, and 8.5 inches in length.
Ideally the grid represents a oylindrical equipotentisl
surface, which is transparent to electrons, but in fact the
potentizl in the space between any palr of grid wires is
different from the potentiagl of the wires when there 1s a
potential gradient either side of the grid, ae shown in
Fige27. This potential variatlon may be reduced by
placing the grid wires closgser together, but a comprowmise
has to be reached bdetween the resolution of the grid and

its transparenoy to eleotrons. An expression 1is derived in
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Appendix IT which gives the potential variation over the
surface of a grid consiating of parallel wires in teras
of the spascing of the wires, and the potential gradients
on either side of the grid. The wire mesh which was used
had a transparency of about 607.

The anode was a2 oylinder of milé steel 4 inches in
diameter, and 8.5 inches in length. ‘part from acting as
the anode, this cylinder provided shielding against
nagnetic fields; the magnetice field strength inszide the
anode was less than LO milligauss.

I1I.3.3 Construection of the spectrometer

The completed spectrometer is shown in Fig.28.
The three concentrioc electrodes were suspended from an
earthed disc at either end of the speotrometer, as shown
in Fig.25,. The collimator and grid were insuleted fronm
the earthed discs with Teflon washers, and the minimum
leskage path to earth from the anode was over a Teflon
surface one inch in length. Ag well as being structural
components of the spectrometer, the two earthed discs
ensured that electrons not produced within the collimator
could not reach the anode. The spectrometer was shieldsd
by the metel walls of the vacuum chanber.

Because low gas pressures were used, only a small
fraction of the beam was absorbed within the spectrometer,

The remainder of the beanm passed into the beam trap shown



Fig. 28, Photoelectron spectrometer and
beam trap mounted on the end

plate ¢of the vacuum chamber.
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in FTig.28, which was maistzined at a positive potential
of 22.5 volts to ensurc that the electrons could not esoape.
The beam trap was coeted on the inzide with Aquedag to
reduce secondary electron emission,

I1T.3+.4 The vacuu: chamber

The vacuum chamber (Fig.29) was constructed of
copper tubing 6 irches in diameter, The spectrometer and
bean trap were supported fron the end plete of the vacuum
chamber by four stainless steel rods, as shown in Fige28.

A sodiurm salicyleste coated wire grid was supported from

the end plate nearest to the monochromator, and was used

to moniter the beem intensity in the manner described in
Zecelloa3ele Fleetrical connections to the electrodes were
made through glass-covar azcals in the end plate of the
vacuum chanber, The vsouum c¢hamber was windowless, and
the ultraviclet beam entered through a wedge shaped channel,
which constricted the flow of gas sufficiently to naintain
a spectrometer operating pressure of 10‘“2 nu.Hge while the
pressure in the monochromator main chamber was less than

L

10~ BNeHE

L two inch oil diffusion pumping system was used to
evaecuate the vacuum chamber to a pressure of less than 10"6
nn.Hg. A liquid air cooled trap was included to remove

condensable impurities from the oxygen and nitrogen during

experinents with these gases. The gas entered the chamber



Fig. 29.

The spectrometer vacuum chamber
and light source mounted on the
l-metre monochromator. The large
tube in the background is part of
the differential pumping system,
The solid coaxial line can be seen
in the foreground.
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through & needle valve, which was adjusted to nalntain a
constent pressure in the chamber, and facilitles were
provided for attaching an lonigation vacuum gauge, and a
Pirani gauge to the chamber, The ionization gauge waa
used tc measure the residual gos pressure when the chamber
wes evacusted, and the Pirani gauge was used to nmonitor the
zas pressure during an experiment.

IT7T.%3.5 The moncchromator

In the initial experiments with the photoelectron
apectrometer a half-metre Seya=-llamiocka monochromator
(YoPherson model 235) was useds The light source wes a
capillary discharge through helium (Sec.II.1) at a pressure
of 50 mmeHge The lamp was isolated from the monochromator
by a single stage of differential pumping, provided by a
mechanical booster pump (cveedivee IR5) and o backing pump
{Speedivac 15CLS50).

The partisl eross~sectlons presented in Chapter IV
were obtzined from the results of experiments in which a
one-netre near normal incidence meonochromator (MecPherson
model 225) was used, with 2 1200 line per mm. Bausch and
Lonb repllice grating, bdlaged fqr 1000 R, An exit s1it
width of 1000u zave a resolution of 9 X. In this casse the
1izht source was isolated from the monochromator by a two

stage differentiel pumping system, in which the first stage
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was pumped by 2 mechaniceal booster pump' and e backing
pump, while the second stage wss pumped by an oil booster
pump“ and a backing pumpe. The differentiel pumping
essenbly allowed a maxinmum entrence slit width of 1004,
and with » 8lit of this width a pressure of better than
10'“ no.Hge could be mainteined in the main chamber of the
nonochromator with the light source running, 4 general
view of the experimental arrangement with the one-netre
monochromator is shown in Fig.30.
ITT.4  QOperaticn of the Spectrometer

IIY 41 Flectrode vo;tagea

The circuits for supplying potentiasls to the

electrodes are shown in Fig.3l. The anode was connected

to the input terminal of an electrometer, and was restrioted

to earth potentisl., A collecting potential was spplied
between the analysing grid and the anode, to ensure that

all the electrons which penetrated the grid were collected
on the snode. Fige32 is a plot of the electron current
against the oollecting potential for a oconstant (seroc)
retarding potential, which shows that the current was

constant for collecting potentials greater than 5 volts.

* Godfrey KB8/V4LO0O/28.

s
Dynavac OB1500.



Fig. 30, General view of the apparatus
used to record photoelectron

energy spectra.
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During the experiments the grid was held at a negative
potential of 15 volts with respect to earth potential.

Since there was a relatively large capacity

(200 pF) between the anode and the grid, the electrometer
was very sensitive to transient voltages on the grid. For
thizs reazson the battery supplying the potential to the grid
was placed in a shielded chamber at the end of the vacuum
chamber, and no other connections were made to the grid.
This chamber also oonteined the battery supplying the pot-
ential to the beam trap, and the input resistor for the
electrometer.

The retarding potential was applled by changlng the
potential of the collimator relative to that of the grid,
and the spectrum of eleoctron energies was scanned by sweep-
ing the retarding potential linearly with time. The linear
sweep was generated by using an operational amplifier
(Philbrick USA-3) to integrate a constant potential., After
four minutes the potential was shorted for one minute with
a cam operated mioro-switch, and then allowed to start
again. Because of a small amount of capacitive coupling
between the collimator and the anocde, & transient appeared
on the anode when the retarding potential sweep was started.
The effect of this transient on the spectrum was eliminated
by applying a bisa to the collimator potential so that

each sweep started from a negative potential of one velt.
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This sllowed the circuit to recover from the transient
before the scan through the spectrum was started. The
biass was adjusted before each experiment by measuring
directly the potential difference between the grid and the
collimator.

¥ITe442 Recording of the spectra

The electron current from the anode produced a
small voltage across the high resistance (10lo ohms) at the
input of the electrometer (Wayne~Xerr model M1il).

Flexible coaxial cables were found to bc unsatiafactory
for making the conneotion between the anode and the
electrometer because of the potentisls generated in the
cable when it moved. The connection was made with =a
201id coaxial line consisting of a £ inch diameter brass
tube with a § inch disawméeter drass rod supported along its
axis with Teflon spacers, which e¢liminated vibration from
the line.

The curve obtained by recording the electron
current as a funetion of the retarding potential is the
integral of the electron energy spectrum, since all electrons
with energies greater than the retarding potential are
detected., In principle the curve consists of a series of
steps = one atep for each discrete energy present in the
speotrume. In the curves which have been obtained, the

steps are not well defined because of the limited resolution
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off the apparatus, and because of the fine struoture in the
spectra. in integral spectrum from molecular oxygen is
shown in Fig.33.

The electron energy spectrum was obtzined by
differentiating the electron ourrent with respeot teo the
retarding potential. Sincs the retarding potential was
swept linearly with time, the differential with respect to
the retarding potential was egqual to the diffsrential with
respect to time, snd the electron energy spectra were
recorded directly by differentiating the output voltage of
the electrometer. The circuit for recording the spectra
ia shown in Fige34. The differentiating circult conaisted
of a paper condenser, and the input resistance of 2 d.e,
amplifier (Hewlett-Fackard model 425A). An X-Y coordinate
plotter (Mosely model 2D-2) was used to record the spectraj
the retarding potential waes applisd to the ¥-axis, and the
cutput of the differentiating cirouit to the Y-axis. A
photoelestron energy spectrum from oxygen at an inoident
bean wavelength of 584 X is shown in Fig.35.

I1T.4%+3 Digital noise averaging

The selectron energy spectra recorded directly on
the X-Y coordinste plotter were found to be of poor guslity
because of the large amount of nolse on the trace. Most
of the noise probably originsted in the input eircuit of

the electrometer, which was very sensitive to eleectrical
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interferense snd mechanieanl vibration. A large amount
of electrioal noise was generated st the spark gap of the
pewer supply for the moenochromator lamp. The effeot of
this nolse was minimised by oereful shielding of the input
circuit, and by ohoosing the tost tinme constants in the
electrical circuitas. These time constants are discussed
in the next section. Some meohanical vibration was always
present tecsuse of the mechanical vacuum pumps. The
effect of this vibration wes minimised by using the solid
coaxial line to the electrometer, and by making all parts
of the input cireuit as rigid as possibdle,

For some spectra, where the noise on the trace
was relatively small, sufficient averaging of the noise
was ashieved by super-posing seversl traces of the spectrunm.
Speetra which could not be satisfectorily smoothed by this
method were smoothed by oonverting the spectre to digital
form, and numerically adding as many sceans of the spectrunm
as were requiresd to produce s smocoth curve, This digital
aversging of the noise provided a powerful method of
producing satisfectory spectrs under adverse conditions
whioh existed, for exsmple, in reglons where the intenaity
of the light source wess low.

Analogue to digital conversion of the spectra was
achieved with the cirocuit shown in Pig.36. The voltage

output from the differentiating circuit wes sampled ten
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times per second, and a pulse duration modulator (Waugh
1964 ) wes used to gate an oscillator., The gain of the
amplifier at the input of the analogue to digital coanverter
was adjusted for each spectrum, 30 that best use was made
of the range of input voltagea for which the eonverter
was found to be linear. The pulses from the analogue to
digital converter were fed intoc a 400 channel pulse height
analyser (R.I.D.L. model 34~12B). Zach pulse was stored
in the channel whose number was proportional to the
retarding potential at the time of arrivel of the pulso..
The overall linearity of the system was checked by supplying
the anslyser with pulses at a oonstant frequenoy, while
the channels were addressed with the retarding potential.
This prooedure produced a flat spectrum, indicating that,
as required, the retarding potentiel inoreaszed guite
linearly with time. (c.f. Sec.TITehe2). Only two hundred
of the ochannels were used to store each spectruan, because
the time required for the analyser to store a pulse in a
channel of number higher than two hundred did not allow s
suffiociently high count rate. However, the spaocing
between the two hundred ohannels was much smaller than the

resolution of the experiment. Each spectrum was recorded

.Thia facility of addressing channels in which the channel
nusber is proportionel to an analogue voltage is provided as
a standard feature of the ReI.D.L. model 34-12B,
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by allowing the retarding potentirl to recycle until the
stored spectrum became smooth, and did not chenge in shape
28 Turther scans were added. The final spectrum was
returned to analogue form and recerded on the X-Y ccordinate
plotter, Individual ecsna of the spectrum were also
recorded on the X~Y plotter, so that spectra with large
transients could de discarded.

The retarding potentiel was measured under the
condition that no current was belng drswn from the eirouits
supplying the potential, using the cirecuit shown in Fig.37,
which wes connected directly detween the collimetor and the
grid only when a measurement was being made, Zerc
retarding potentigl wes identified on each gpeotrum,

IITehol Time constasnts of the apparatus

The important time oonstents of the apparatus were
the time constant at the input of the electrozeter, the
tine ¢onstant of the differentiating circuit, and the rate
of scan of the retarding potential. Of these time constants
only the time constant of the electrometer could not be
easily changed over a wide range. The factors which
determined this time constent were domlnated by the
cepacitance between the spectrometer ancde and sarth
(~200 pF), and the input resistance to earth (~101° ohms),
whioh geve g time oonstant of not 1ess than two seconds.

10

The value of 10 ohma for the input reszistance waa the
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ninimum value necessary to produce a sufficient potential
at the input of the electrometer.

The time conatant of the differentiating eircuit
wag edjusted to a value at lesst as large as the tinme
constant of the electrometer input circuit, so that the
differentiating ocircult tended to smooth out the nolse in
the electrometer output, In most of the experiments the
differentiating time constant was four seconds. The
circuit consisted of & 4LuF paper ocondenser, and the ons
megohm input resistance of the d.c. amplifier. For eash
spectrum the gein of both the electrometer and the 4,0
amplifier were adjusted to give the largest possible signal
in each part of the eircuit. The noise was further
reduced by udding another time conatant of two meconds at
the input of the d.c. amplifier, as shown in Pig.34. This
was necessary bhecauss of electrical interference from the
spark gap of the lamp power supply.

The rate of ascan of the retarding potential was
adjusted 3o that the effect of the time constants of the
electrical oirguits d4id not contridute greatly to the
resolution of the apparatus. The scan rate was set as
large 88 posaible, so that 2 large signal wss obtained from
the differentiating oircuit. A rete of scan of 30 aV per
second was found to be the maximum rate whioh did not

apprecladly increase the width of the peaks in the spectrunm,.
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The photoelectron speetra recorded with the apparatus
had a resolution ocorresponding to a full width at half

naximum Ol.4 eV under the best conditions.

ITI.5 [Eerformance of the Spectrometer

Before the elssctron spectra could be interpreted
in terms of partial cross~sections corresponding to
transitions to a particular state of the ion, aeveral
charscteristics of the apectra had to be studied. These
were the detailed shape of the individual peaks of the
spectrum, the resolution of the speotrometer, eand the
calibration of the energy socale, The spectrometer was
checked using argon, and a monochrometic beanm of radiation.
This provided almost monoenergetic photoelectronsa, since
only the doublet ground state 23%’}/2 of the argon ion was
accessible with the photon energies which were used in the
experiment.
IIT.5.1 The monoenergetic electron spectrum

In the initial experiments with the spectrometer
the photoelectron spectra from argon which were recorded
were of the form shown in Fig,.38, This spectrum contained
& single peak at the energy equal to the excess of the
photon energy over the ionisation potential of argon, and
also a large ares at low energy. Several possible origins
of the low energy portion of the spectrun were investigated.

Speotra obtained over a range of gas pressures (Fig.38) were
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Fig.38. Photoelectron energy spectra from argon
at different pressures.
(a) 1.5 x 1073 mm. Hg.
(b) 10 x 1073 mm. Hg.
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all similar in shape, showing that the low energy component
of the speoctrum was not due to electron collisions with gas
atoms. ° Soattering of this neture was not expected to bde
important, since the mean Iree path of eleoctrons in argon
at the pressures used was of order 20 ¢m., (Healay and
Reed 1941) while the distanoe which the electrons had to
travel to the analysing grid was not greater than 6 om.

The effect of magnetic fields on the spectra was also
investigated, but no difference was found between aspeotra
obtained with a ateel anode, which provided magnetic
shislding, and those obtained with a copper anode, The
remainlng possible origin of the low energy pert of the
speotrum was reflection at the surface of the collimating
eleotrode,  %hen a coating of colloidal graphite (Agqusdag)
was placed on the collimator, the greatly improved specirum
shown in Fig.39 was obtained. Agquadag has the property
of reduoing electron reflection and of producing a more
uniform oontact potential over & surface (Hested 1964).

For the purpose of analysis the spectrum was divided
into two parts, The flrst waes a symmeiricsl peak, marked
A, in Fige39, and the second was the remaining low energy
part, marked A, in Fige39, which was due to sleotron
reflectlion and secondary emission from the electrode
surfaces. It was assumed that the peak shape depended

only on the pesk energy, and the ratio of the aress A,
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and A, was measured over & range of peak energies in order

2
to unfold more complicated spectra. (See Sec.IV,1.2).

The results are shown in Fig,40. The shape of the argoen
spectruz was compared with that of the molecular hydrogen
spectrun (Fige.4l) which contained a single band with a width
of le7 eVs The ratios A2/A1 obtained from hydrogen spectra
et two different wavelengths, which are shown in Fig.L0,

are in good agreement with the points obteined from argon
spectra, showing thst the spectrum shape does not depend
critically on the pesk width.

The effectiveness of the electron collimation wes
checked by recording & spectrum from argon with the
¢ollimating electrode removed, znd replaced by e seoond
grid. A spectrum which was recorded in this menner is
shown in Fig.h2, The shape of this spectrum is determnined
by the anguler distribution of the emitted photoelectrons,
which has been shown (Bethe and Selpeter 1956) to be indep-
endent of ¢ for an unpolarized incident Leam, and to
depend cn Gaccording to the expression:

£ (6) = A + B sin?® (22)
where A end B are conatants which depend on the gquentum

number 4 of the slectron. The peak shape 1s given by the

function:
AN _ AN , a8 (23)
g
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where

Eaﬂolin‘o (2“)
end therefore

aE E % E\k

2E_( 2 )%(1 - = 2

RS DL ) (25)
The angular dependence of N can be written 1in the form:

%-%‘%‘é:f(e)ﬂino (26)
whence

B
%—gwﬁ-go)'%r(ﬂ) (27)

The pesk shape must lie betwaen the two extremes corres-
ponding to A = 0, whioch gives & pure sin®@ diatridbution,
and B = 0, which gives an iszotropic distribution, Thene
two peak shapes are compared in Fig,A2 with the uncollimated
peak shape obteined from argon, which corresponds to the
removal of a pw~electron. The three curves shown in Fig.h?
are normaliased sc that they contain the same area. The
experimental ourve appears to correhpond to an isotropie
distridution,
ITT.5.2 Zaotors effeoting the resolution

The resolution of the spectrometeor was defined as
the full width at half maximum of the peak produced by a
monosenergetic electron source. The width of the argon
peak was used as a measure of the resolution, and was found
to be Ooh eV under the best operating conditions, with

584 % radiation incident on the gas, giving a peak energy



- Ty
of § eV, Thlis resolution was just sufficient, as shown
in Filge39, to distinguish the doublet terms of the ground
state of the argon ion whish have a separation of 0,18 eV.

Several factors contributed to the peak width.
The rsnge of angles accepted by the collimator represented
& 5% spread in the apparent energy of the eleotrons,
corresponding to & width of 0,25 oV at a peak energy of
5 eV, The contribution to the peak width from the time
constants in the electronic oircuite was small, A time
constant of two seconds at th§ input of the eleotrometer
gave an energy spread of 0.06 eV at a scan rate of 30 nV
per second, and the differentiation time constant of one
second corresponded to an energy spread of 0,03 eV, The
variation of potential over the surface of the grid was
0.04 eV (see Appendix II). The exit slit of the monochro=-
mator wes 3C0u wide, glving a resclutiocon of 2.5 R, or an
energy spread of 584 R of 0.10 ev. To these factors nust
be added the natural width of 0,186 eV due to the separation
of the unresoclved doublet. Treating these facotoras as
independent Gauszsian distributions, and combining thenm
quadratically, one obtains a total peak width of 0.46 eV,
which compares well with the measured pesk width,

Cther factors which had z2n unknown effect on the
resolution of the spectrometer were contact potentiels in

the electrodes, small distortions of the analysing grid from
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ceylindriesl form, and an electrostatic lens effect at the
outer surface of the collimating electrode, Although the
photoelectrons were produced in & region of uniform potential,
they may have been effected by an .electrostatic lens effect,
due to field penetration into the relatively coarse structure
of the collimstor. The significance of this effect was
checked by wrapping & fine wire mesh eround the e¢ollimedor.
Although there was & slight improvement in the peak width,
the improvemsent did not compensate for the loss of trans-
parenoy of the electrode system, end the extra grid was not
used in later experiments.

The partial photolionigatiocon oross-sestions were
obtained from szpectre obtelned under e¢onditions where the
resolution was not as good as that quoted adbove, Some of
the resolution wes secrificed in order to improve the signsl
to noisze ratio in the spectra. The monochromstor exlt slit
width was increased to 1000u, giving an cnergy spread in the
beam of Ge33 €V, and the electrometer time conatant and the
differentistion time econstant were both inoreased to &4
seconds. Thia gave & total celculated peak width of 0.63
eV, compared with the messured peak width of 0.6 eV,

IIT.543 Crlibration of the enerzy scale

The energy scale of the spectrometer was ocalibrated

using the position of the argon .eak es a standard, The
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23% and 233/2 levels of' the argon ion were taken to be
15.76 eV and 15.93 eV respectively above the ground state
of the arzon atom. (Moore 1549). In spectra where the
two levels could not be distinguished, the position of the
reak was taken to be the sversge of the two levels. The
wavelength scale of the monochromator was calibrated using
as standards the helium and neon emission lines present in
the lamp spectrunm, In Figeh3 the peek position is plotted
against the true peak energy over a range of photon
energies. The points all lie very close to a straight
line which does not pass through the origin, indicating
thaet the eppsrent energy scesle is displaced from the true
one by Q0.3 eV, The ocalibration had an accuracy of bdetter
than Q.1 eV.

The energy scale continued to be linear at lesst
down to & pesk energy of 0.25 &V. This was important
because it rllowed confidence to be placed im the partial
cross-zections which were measured nesr the threshold energy

of a trensition.

IIT+5.4 Electron eollecting efficiency.

Two possiblc sources of error in the aéectra were
verlatione of the electron colleoting effisiency with the
electron energy, snd with the gas prescurs. The electron
collecting efficiency was megsured ag & function of electron

energy using argon e: a source of monoenergetic photoelectrons
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vhose energy could be adjusted by chenging 4the wavelength
of the incident bean, The spectrometer was used to
measure the photolonissation yield of argon, and since this
has been shown to be consatant, (Samson 19644) apparent
changes in the yield reflected ohanges in the electron
collecting efficienoy of the spectrometer.

In Figehdh =y 18 the path length through the gas
between the beam sampling grid and the spectrometer, and
X 18 the path length through the spectrometer; 1Io, I,
and I are the relative bean intensities at the points

indicated on the diagran, Then:

=kx4 “k(xy + Xo ). (28)

Iy = Jge and I = Ipe

The electron collecting efficiency is proportional to:
i, i

"% £ (2
= = = 9)
¥ B Toe X1 (4 = oK%

where i, ia the total eleotron current cocllected at the
anode with sero retsrding potential. The relative beanr
intensity Iy was measured with the beam sampling device,

and the pressure was maintalned at 2 constant velue while
the electron ccllecting efficicncy was measured over a range
of beam energies. The results are shown in Fig.45, and
they indicate that only small varistions in the colleoting
efficiency occurred, and that no correction factor was
neceasarye.

The effeots of eleotron scattering were inveatigated
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by measuring the electron colleoting efficieney as a
function of pressure for each gas which wes used during the
experinente. The beam intensity I¢ was kept at a constaent
value while the ocollecting efficiency was measured at a
number of pressures. The gas pressure was measured with
a Firanli gauge which wasa calibrsted for air. Curvesg of
electron collecting efficlency for each ges are shown in
FigeLbe The colleecting efficiency in &ll the geses
decreased for pressures greatcer than 3 x 10"un. Hge, But
some compromise between the collecting efficlency and the
signal 1o noise ratio was necessary, since in most cases
the electron current wes too small to messure with pressures
of less than 3 x 10-, nmne.Hg, Most of the spectra were
obtained with pressures between 4 and 5 x 10  mme Hge In
order to ensure that electron soattering was not having
any effact on the shape of the speectrs, spectra were
recorded over a range of pressures for cach gase No
difference oould be detected between the shape of spectra
obtained at a pressure of 5 x 10 mm.Hg, and those obtained

at lower pressures.
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CHAPTER IV.

PARTIAL PHOTOIONIZATION CROSS~SECTIONS

I7e1 ¥olecular Oxygen

In the previocus chepter 1t waa shown that the
photoelectron spectrometer which was described enabled
'photoelectron energy spectra with reasonably well underatood
characteristics to be recvorded. The spectra which are
obtained fror molecular gases contain, in general, several
pesks, which can be identified with the energy states of the
nolesular ion. These spectra have been analysed to yield
partial photolonization oross-sections for the production of
ionz in particular states, and the variation with wavelength
of' the partial oross-seotions was studied by recording
photoel ectron energy apectra at many different wavelengths.

IVe1s1 QOxygen photoelsctron energy spectra
Using the Hopfield continuum of helium as a light

source, photoelectron energy spectira from molecular oxygen
were reocorded for wavelengthe at 5 3 intervals in the range
from 775 % to 615 %, ana also st 584 %. The longest
wavelength (775 1) oorresponded to the threshold for the
produotion of 1ons in the first excited state. Several
spectra were also recorded in the wavelength range 775 4
td 200 3. These spectra were recorded under conditions

corresponding to a peak width of 0.6 eV in the argon spectrunm.
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(SeceITIe5+.2) The oxygen was nitrogen free 'medical
grade' gss, which was further purified with two cold traps,
one: cooled to a temperature of -70°G with the mixture
described in Sec.II.3.4, and the other cooled with liquid
eir, which removed condensible impurities from the gas.
The spectrometer operating pressure measured by a Pirani

3 ar.Hge. The spectrum at 584 % shown in

gauge was 5 x 10°
Filge47 is typical of the spectra reecorded during the
experiments. A corresponding spectrum given by Al-Joboury
et al (Al=Joboury et al 1965) is shown in Fig.L8. Their
spectrum was cobtained without collimation of the el ectrons,
and a comparison of these spectra shows clearly the
importance of collimation when the spectrum iz intended to
yield information about the partial photoionigation eroas-
sections, since the pesks are more dil stinctly separsted in
Figeh7e.

IVele2 Identification of the pesks

Fach peak in the spectrs was identifled with one of
the stetes of the singly charged moleculsar ion. The state
vas identified in each case by comparing the energy given
by the peak position and the photon energy with the known
energy states of the ion. ost of the peaks in the spectra
had a width greater than the instrumental resolttion, and
the pesks were interpreted as bands having unresoclved

vibretional structure. Al-Joboury et al (Al=Joboury et
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al 1965) had an energy resolution sufficiently good te
partly resolve the vibrational structure in the bands. The
vibrational structure was not resolved in the present
experiments, becausze the resolution had to be reduced in
order to obtain a satiafactory signal to noilse ratio with
the low intensity dispersed light source. The intense
undispersed helium light source used by Al-Joboury et al
was more suitable for making accurate determinations of the
energies of the states of the ion. Frank-Condon consider-
ations (Sec.I.h.2) suggest that the position of the maximum
of a peak may not correspond to the lowest vibrationsl level
of the state, and a measurement of only the peak position
would not give the adiabatic value for the energy level of
the ion,

Some of the photoelectrons may have resultedAfron
processes of dissociative photoionization, which occcur when
the ion is left with an amount of vibrationsl energy greater
than the dissociation energy of the electronic state of the
ion,. The ion then dissociates within a time of the same
order of magnitude =3 the period of vibration. The state
of the molecular ion corresponds to a point on the potential
energy curve (Pig.h4) for the electronic state of the ion
which is higher than the dissociation energy. This process
appears only e8 a distribution on the low energy side of

the peaks in the photoelectron spectra, snd could not be
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distinguished in the present experiment. Hovever,
neasurements with a mass-spectrometer (Veissler et al 1959)
have shown that dissociative vhotolopnisation accounts for
leas than 107 of the ions produced, and the error csused by
ignoring these processes was samall.

The energy levels of molecular oxygen which were
accessible with the range of wavelengths used in the
experiments were the xzng (12,075 ev), ahTi'u (16.106 eV),
’n (16.821 ev), b""r.; (18,173 eV), and 22; (20.308 V)
level s. (¥atznabe 1957, Namioks and Tanaka 1962, Tanaka
end Takamine 1942, Gilmore 1965).

A comparison of the spectra shown in Figs.47 and
48 shows that the positions of the peaks are in good agree-
ment., The highest energy peak in Pig.47 occurs at an
energy of 8.6 eV, which agrees well with that of Al=Joboury
et al, and corresponds to the third vibrational level of
the Xzﬁg state of 0;. The second peak has a maximum at
Le35 eV, and must ceontain a2 contribution from the aknn state
which has a2 threshold corresponding to an energy of 5.10 eV
in this spectrum, dbut it may also contain an unresclved
contribution from the Azﬂu state which has a threshold
corresponding to he39 eV. Al=Joboury et al identified the
vibrational structure of this peak with the ahnu level.

&

zﬁ

The third and fourth peaks were identified with the b .

and 22; levels respectively, in agreement with the



interpretation of Al-Joboury et al.

IV.1e3 Unfolding the aspectra

In order to interpret the photoelectron energy
spectra in terms of gartial photoionization eross-sections,
the srea undser the spectrum assocliated with each peak nmust
be determined. This was done by assuming that the spectrum
was equivolent to the sum of several monoenergetic spectra
with the shape shown in Tige3¥. The snectrn were unlolded
by the following procedure. The most energetic peak was
completed to form a symnmetrical shape, and the area (A1)
contazined by the curve wag messured with s planinmeter. A
synsetrical shzpe was chosen because, in general, the shape

of the high energy side of the pesk was well defined, but

the low energy side was not., The argon spectra were
enalysed in 2 similasr sey. The shspe of the spectrum

corresponding to the pesk was determined by the energy of
the peak, =nd the area st low energy (Az) which was
assoclated with the peak was found by reference to the
curve shown in Tig.40, The complete area azsaciatsd with
the peek wns then drawn onto the spectrum, ns shown in
Figehs7e Tach successive pesk was itreated in the ssme
manner, and the self consistency of the unfclding was
indiceted by the shape of the area which remeined for the
last peak. This was required to hsave =z shepe consistent

with its energy, as determined from Fig.h0.
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IV.1l.4 The partisl photoionization cross—-sections of oxyzer

The nunber of ions produced in each gtate was
assumed to be directly proportional to the arez of the
spectrum which was &ssociated with the corresponding peak,
and the zcasurement of this area allowed the percentsge of
ions in & given electronio state, or the branching ratio,
to be found. The branching retios for oxygen are shown
in PigesJe Becszuse the ahﬂn and Aznu levels were resolved
in oxnly & few spectra, the sum of the brpaching rztios for
these states is shown in Fig.h%.

No measuresent of absolute cross-szotions was
attempted with this apparatus, snd the results shown in
Figeh? were combined with published velues of the totsl
photoionizgtion cross-section of molecular oxygen. This
cross—-section has been measured by several workera,
(#ainfan et al 1355, “atanabe and ¥armo 1956, Kicholson
1563, Samson snéd Cairms 1964, Cook and Ketsger 1964a) bdut
the moszt comprehensive results are those of Cook and
Metsger, which are shown in Fig.7. The Hopfield absorptior
bands (Hopfield 1930) are very dense, and are diffuse
beecause of autolonizatione. Some of the bends have been
assigned to REydberg series which converge toc higher
electronic atates of the ion. The total photoionization
erose-gection of oxygen which is shown in Fig.50 has been

averaged over 10 % intervals to produce an effective
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resolution eguivalent to that of the present experiment.
The partial photoionization eross-sections of

oxygen 53 a function of wavelength are shown in Fig.5l.
The 22; peak appeared only in the spectrum obteined at

534 i’ since no spectra were obtained in the region from
585 % to 615 2 becsuse of the low intensity of the light
source. Separate peaks corresponding to the ahnu and
AQHU levels were distingulished in only six spectre, and in
these the tw7o pezks were consziderasbly overlapped, =s shown
in Pige52 (b} snd (e¢), and their separate areazs could not
be determined zccurstely. Howevern, in the cases for which
estimatez of the individusl saress were nade, the aknu pesak

#as about feur times stronger thin the ieﬂu peak. T

he
spectra obtained st wavelengths longer than 680 ¥ contained
sn zbnormally lsarge area between the ing and ahnn peaks,
and this was assoccinted with the autoionised structure
which appears in the total photoionization cross-section in
this region. This ares was included ass part of the ins
peak for the purpose of calculating the partial photoionisz-
ation crosa-sections, and its significance will be discussed
further in & later section.

The accuraey of the partial croas-sections was
limited dy the uncertainty involved in unfolding the spectra
This uncerteinty was due to the low energy region which

was agsociated with each peak. There was also some
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Fig.52 (a) Photoelectron energy spectrum from O2 with an incident beam

wavelength of 625 R,



)

dl

( Arbitary Units

dv

Fig.52 (b)

Electron Energy ( eV )

Photoelectron spectrum from 0, with

an incident beam wavelength of 695 K.



( Arbitary Units )

Electron Eﬁergy (ev)

Fig.SZ(h) Photoelectron spectrum from Oz‘with
an incident beam wavelength of 715 2,



=2G-
uncertainty in measuring the ares (A1) under the pesks in
sone cases, because of the partial overlapping of the
peaks. Better accuracy would be obteined with spectra
of higher resolution. It was estimated that the ares of
& given peat was determined to an accuracy of 107, but
the gbsolute error sccunulsted during the unfalding
PTOCESS8e fhe error in the lower energy pesks was reduced
by densnding thet the unfolding should be self conszistent.
The accurascy of the partial cross—-sections varied grestly,
depending oo the sepsration, position, and sige of the
PeRE. The error was probably iess than 207 in most cases,
except nesr the threshold of each state, where the pesk
wag smsil.

IV.1e5 Variaption eif the partial photoionization eross-

sections with wavelength

The branching ratio for the {formation of ions in
the Izﬁg state {Fig.49) decreases rapiﬁly froz 1007 st the
a&nu threshold, end then rises to a maximum of 607 at 710 by
before dropping to a roughly constant value of 207 helow
670 2. The branching ratio for the ahnu and Aznu states
rises sharply from the threshold, ané goes through two
maximna before becoming approximately constant at 357, The
bkE; branching ratio hes a single broad maximum at 640 X.

2

The maximum at 710 R in the branching ratic for the X‘HS

state colncides in wavelength with the minimum in the
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branching retio for the ahﬂu and Azﬂu states, snd also with
the maximus in the total photolionization cross-asection
shown in Fig.50. The maximun in the total cross-seetion
-corresponds to a region where the band structure is strong,
and which iz bordered by regions of minimal structure.

This indiecates that the autoionizing processes in this
region tend to produce ions in the ing state rather than
the ggﬂu or Azﬁu statea. The shape of the branching ratio
curve for the ahﬂu and Azﬂu states haz therefore been
nodified by autolonization from a single maximum similer
tc that of the branching ratio for the b#E; state.

A comparison of the partiel cross-sections shown in
Filgebl indicates competition between the varicus final
stetes of the ion. The cross-section Tor the Xzﬂg state
rises towards longer wavelengtha fron the threshold of the
ahﬂu state, The two pesks in the ing partial eroass-
section coincide in wavelength with those of the total
rhotoionization eross-secticn, indicsating that both of the
peaks in the partial cross—-section result from autcioniging
processes. The general form of the iudividual photoioniz~
ation continue is therefore similar to a step function
which.has been modified by competition between the final
statez and by autolonization.

The only results with which these may be compared

are those of Schoen. Schoen 1964). Ais integral
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vhotoelectron enersy spectrum at 554 X is shown in Fig.53.
Schoen used & retording potential znalyser of e¢ylindrical
geonetry, but he dié not collimate the electrons. The
branching ratios given by Schoer sre shown in Tig.S8.
Althcugh his resulis do not show the detalled structure
contained in the present results, they are in ressonable
agreenent when the detcziled structure has been averaged out.

- i i i 2
Schoen's results give branching ratios for the X ng snd

L =

b Zg states which are 8 lower ané 7" higher resvectively
than the asverage vazlue given by the present results.

The spproxinatiocn made by Talgarno et al (Dalgarno
et al 1963) that the partisl photoionization cross-sections
are preovortional to the statistical weight of the final
state of the ion can cbvicualy not be applied in detail,
but it is interesting to compare the approximation with
average values of the branching raticos. In the region below
690 ® the Xzﬁg, ahﬂu - Azﬂu, and bhz; brznching ratios have
average values 1in the ratio 2:3.25:2.92, compared to the

b

ratio of statistical weights 3:9:2. The a N stsete has a

branching ratio about four times larger than that of the

Aznu statc. In the region 690 R to 775 R the distribution

i o ; s 2
is modified by autolonization, and the X Hs and ahnu +

2 . ) .
A Hu branching ratios have average vanlues in the ratio

2:1.5 {(2:6). The approximation nade by Dalgarno is,
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therefore, an inaccurate one.

The partial photoionization eross-sections shown
in Pige.5l provide valusble information about the oxygen
molecule when combined with theoretical calculations on the
structure of the molecule. Although wavefunctions which
are suffieciently accurate to calculate the partial photo-
ionization cross-sections of molecul:r oxygen are not
available, Tuckwell (unpublished privete communication) is
using the present experimental results to obtain semi-
enpirical wavefunctions. He eveluates the matrix elements
for photoionization with simple central potential model
wavefunctions, and fits the theoretical partial cross-sectior
to the experimental ones by varying the parameters of the
wavefunctions. Simple c¢alculations using hydrogen atom
type wavefunctions in which the effective nuclear charge is
& parameter, and slso c¢slculations involving linesar
combinations of Hartree-Fock single electron wavefunotions
are being performed.
IV.1.6 Autoioniging processes

At wavelengths longer than 775 e only the ground
state of the oxygen ion was accessible, and the photoelectror
spectra at these wavelengths were expected to contain only
a single peak. However, spectra recorded at wavelengths
in the region 775 % to 500 ? a1l contain a large peak at an

energy of 0.5 eV, which does not move as the wavelength is
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changed. Some of these speotra are shown in Fig.54. The
low energy peak waa not an instrumental effect, since no
similsr pesk was observed in other gases. Spectra obtalned
with different oxygen pressures all contained the low energy
peak. The presence of the low energy peak in the spectra
must, therefore, indicate that many photoeleotrons were
being enitted with an energy of 0.5 eV, None of the photo-
ionisging processes which have been considered so far can
account for the emiassion of these low energy electrons,
whieh must indicete a process in which the excess cnergy
is not ell dissipated as kinetic energy of the photoelectron.

In Pig.5% the area of the low energy peak in the
speotra shown in Fig.54 is plotted as an equivslent crcsa-
section. Also plotted in Fig.55 1s the area which asppeared
between the aknu and xang peaks in the spectra recorded st
wavelengths longer than 680 i, but which was not associated
with the shape corresponding to the ins peak. This ourve
has a minimum between 740 % and 750 X, and another at 720 3,
which correspond to the regions of minimal autoionized
structure in the totel photolionisation eross-section shown
in Fig.7. The wavelength of 680 %, which is the 1limit of
the srea plotted in Fig.55, i3 also the short wavelength
limit of tihe autolonigzed structure in the total photolonig~

tion oross-~section. This indicates that the process

resulting in the emiassion of photoelectrons with energles
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not corresponding to the main peaks of the apectrum ia
assoclated with the autolionised atruoture in the total
rhotoionigsation eross-seotion.

The process of sutolonization waz disoussed in
5e0.1,3,2 in terms of the formatlion of a guasi-stable state
of the neutral atom or molecule. A quasi-steble state 18
formed when a collective exoltation of two or more electrons
results from the absorption of & photon, and although the
total energy of excitation is grester than the lonization
potential of the molecule, none of the eleotrons has
sufficlient energy to esscape. After a lifetime long compared
to that of a normal continuum atate, & rearrangement of the
eleotron distribution occurs, in which all of the excitation
energy is transferred to one of the electrone, which escapes,
leaving the ion in one of its dlscrete energy statea.

These quasi-stable states are evident ss lines in the photo-
ionisation cross-~seotions, which are broad and have an
assymmetric shape. The line shape has been explained

(Fano 1961) in terms of oonfiguration interaction between
the quasi-stable state and the continuuan,

It is suggested that the low energy photoeleotrons,
whioh are enitted when radiation of wavelength longer than
775 R is incident on molecular oxygen, are due to a
fluorescent sutolonising prooess, in whieh part of the energy

of exoitation is dissipated in the form of a photon.
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When the molecule is excited to a3 guasi-stable state, the
state must be sufficiently long lived for a fluorescent
transition to a lower quasi-stable state to occur, and the
transition to the ionization continuum is frown this state.
This process i1s illustrated in Fig.56. Yany of the quasgi-
stable states of oxygen appear as band structure in the
total photoionizatlon cross—-section shown in Fige7e.
However, if only a single fluorescent transition ocours,
then the lower quasi-stsble atate cannot be one of the
states seen in the absorption spectrum, since a radiative
transition between that state and the ground state of the
rolecule woul” be forbidden by the conzervetion of parity.
(Herzberz 19%0). If a2 cascade of fluorescent transitions
with an even number of steps occurs, then the lowest quasi-
stable state would be observable in the sbsorption spectrum.
There are many of these states close to the ionization
threshold of oxygen, and the band at 983 3 in Fige.7 iandicate:s
a state which is 0.54 eV above the ionization threshold.
This may be t:e state indicated dy the low energy peak in
the spectra in the 775 2 to 300 X region.

In aome of the spectra which were recorded in the
region 680 2 to 770 3, the abnormally large area between the

2 L
Xn d
g ond e

Hu peaks appeared to consist of several small
peaks. (Fig.52). This indicates that a cascade of

fluorescent transitions occurs, with some probability of =a
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transition to the ionization continuum from several of the
quasi-stable stztes. I{f a caascade of fluorescent
trensitions occurs in the region above 775 R, then a
transition to the coatinuum must be forbidden from all
except the level which is 0.5 eV atove the ground state of
the ion, siunce only the peak at 0.5 eV appears in these
spectra, apart frou the main ground state peak. Present
knowledge of the quasi-stable states does not allow an
explanation of these effects on the bssis of dipole
selection rules.

Fhotoelectrons which result fron processes of
auteoionization may have an engular distribution different
froam that of other photoelectrons. During the life of
the guasi-stable stzate, the effect of the incident beanm
Zirection om the aaguler distributlon may be partislly
lost, resulting in a smeared out distridbution. This is
analagous to the effect of collective excitation in the
case of nuclesr photodisintegration {3lstt and Veisskopf
1952). I this is so, then the cross—-sections due to
autoionization meesured in the present experiment are
slightly in error, bcesuse only a sample of the electrons,
enitted in a direction perpendicular to the beesm directioun,
vere detected. Keasurement of the angulsar diatributions
of photoelectrons may prove to be an important method of

studying autoiocnigetion.
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Iv.2 jolecular Hitrogen

IV.2ele. Photoelectron enerzy spectra of molecular nitrogen

The partizl photoionigation eross-sections of
rolecular nitrozer were obtained from the analysis of
rhotoelectron energy epectra recorded at 5 i intervals in
the region 615 X to 7.5 ¥, end also at 584 %. These
spectra were resorced under conditions identical to those
under which the oxygen spectra were recorded. The oxygen
free nitrogen was further purified with cold traps. OSome
typicel photoelectron energy spectrs from nitrogen are
shown in 7ige57. The spectrun shown in Fig.57 (&) was
recorded with an incident wavelength of 615 %. It clearly
shows ithree peaks, which were associzted with the taree
energy states of the nitrogen icm which were accessible
at this wavelength. These were the XQE; (15.576 eV),
Azﬁn (16.693 eV), snd Bzz; (18.757 eV) states. (Mulliken
1557). The most energetic of the peaks, which wes
identified with the ground state of the ion, is interesting
because it has s width almost equal to the instrumental
resoclution of 0.5 eV, indiczting that there is little or
no vibrational structure in the bend. The position of
the pesk should, therefore, give the adiebatic value of
the ionization potential of nitrogen. The position of
the peak gives a2 value of 15.6 eV for the ionization

potential, which agrees well with the accurate velue of



dl

( Arbitary Units )

dv

0 2 : 4 6 0 2 4
Electron Energy ( eV ) Energy Energy ( eV )

Fig.57. Photoelectron energy spectra from NZ'
(a) 615 R (b) 665 R



dI

( Arbitary Units )

dv

s AT" ==
v 2
2.~ X“s"
X
= Izg 8 | g
A 6 'k
4 =
- 2
| Ny - 725 R N, - 750\%
1 ] 1 1 1
0 1 2 3 0 1 2 3

Electron Energy ( eV )

Fig.57.

Electron Energy ( eV )

Photoelectron energy spectra from NZ’
(c) 725 R (d) 750 R



=95
15576 eV This obzervation is in agreement with thet
of Al-Joboury and Turuer, {(:l-Jcboury and Turner 1963)
whose photoelectron spectrua from nitrogen at 5Ek R is
shown in FigebZ. Yo evidence of & fluorescent auto-
ionization process wos found in the nitrogen spectra.

IVeZe2 Tariation of the partiisl photoionizastion cross-

sections of molecular nitrogen with wavel ength

The tranching ratlios for the three states T the
nitrogen ion are shown &s a function of wavelength in
Fig.59._ These were combined with the total photoionis-—
ation cross—-section of nitrogen given by Cook a2nd Metzger,
{ o~

~
1 3 &
B3

Cook and Hetszger 1954 a) and the totz2l cross-section
averaged over 10 ? ictervals is shown in Tig.50. The
partial photoionization cross-sections which were obtained
are shown in Tige5l. Since the totzl nhotoiomization
cross-section shown in Pige.50 does not contain any gross

features, and approximstez to a step function, the

branching retio curves and the partial cross-section

j=+

curvea are similer in shape. The partial cross-sections
for the photoionization of nitrogen contain little
signifiecant Tine structure, but there does appear to be
competition between the final states of the ion. The
cross-section Tor the production of ions in the ground

state (XZB;) rises froz the thireshold to a broad naximun,

and decreases rapidly =zs the cross-section for the nroduetio:



20’92p 7fu2p gruzs
+ 2 ;
st im, sy

Lo o L

dv

J

/Mw

|
3 o}

Electron Energy (eV)

Fig.58. Photoelectron spectrum

from N2 at 584 R.

(Al-Joboury and Turner 1963)




( Percent )

Branching Ratio

100

80

60

40

20

a

n 1t +, 2+

B N, (X Sg) — Ny (X Xg)
+, .2 -
Y

N ' > NZ(A Tru) e 4
L. + a2+

o — N_ (B Zu)
O,

\\\
S
D,

- ——_—m—— -5t -
s ’/” o .. " e

- ]
(o o ® :

| 1 1 | 1 | 1 | oy
& ;
600 700
Wavelength ( R

Fig.59.

Branching ratios for the various photoionizing procésses in NZ‘



cm.2 )

40-18

(

Cross-section

8]
(@]

10

| ! "l | | ] | | |

600 / ; 700 800
Wavelength ( R)

’

Fig.60. Total photoioﬁization cross-section of molecular nitrogen

( Cook and Metzger 1964a ) reduced to 10 R resolution.



cm.2 )

40-18

(

Cross-section

20

10

Fig.61.

-, 2
B $oo2h
O — N, (B2 )
e
Sy
S
e ~
== A
G
- o
N0
G
9
g ’-’/’ ® L P
P ..
o~ o .
| | \ | | | I | \
o -
600 | 700
Wavelength ( R)

-

Partial photoionization cross-sections of molecular nitrogen.

800



-96-

. ) 2 .
¢f ions in the A nu stcte increases from thresholéd. The

2 .
A Hu cross-section in turn decreases from its maeximum as

the cross—-section Tor the BZZZ state rises fron its

threshold,. The 122; cross—-seation has a minimum coincid-

ing in wavelength with the maxiaum of the Azﬁu Cross—

section, which appears to have a minimum value coinciding

23; cross=section. A1l three

curves have a similar shape, and the XQE; and Azﬂu curves

with the nmaximum of the B

have roughly equal maxima which are about 2.5 times as
large as the maxigzum of the BEZE curves. The states have
stetistical weizhts in the ratio 1l:3:1.

The results obtsined by Schoen {Schoen 1954} are
shown in Fig.62. The branching ratio for the XEZ; stete
given by Schoen is in good agreement with the average
value of 327 obtsained Crom the present results, but the
everasze value of 20 for the 522: branching ratio in the
present results is higher by & factor of two than the
velue indicated by Schoen.

IV.5 ¥ator Vanor

IVe3e4 Photoelectron eaergy spectra of water vapor

The partial photoionization cross-sectionsof water
vapor were obtained from the analysis of photoelectron
energy spectra recorded at 10 ® intervals in the range
620 % to 850 R, 2nd also 2t 584 %. These spectra were

recorded by allowinz triple distilled water to evaporete
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e
into the spectrometer chsamber through a needle valve,
Other conditions were identical to those for the experi-
ments with oxygen end nitrogen. iypical rhotoelectron
energy spectra Ifron water vapor are shown in Fig.63.

The spectrum st 584 ® shown in Fig.63 (&) has
three prounlnent peaks. The most energetic of these has
a width of 0.7 eV, which is only slightly greater thsan
the instrumentsl resolution. The position £ the peak
corresponds to an lonirxation potentisl of 12.7 eV, which
is in good agreement with the vslue of 12,50 eV given by
Frost snd YecTowell {(Frost and Yelowell 135&) for the

ionization potential of water vapor. The pesnx weas

therefore assocliated with the 251 ground state of H20+.

The szecond peak has =z width of 1.7 eV, and the maxipun

corresponds to an energy state 1L.9 eV sbove the ground
atate of HZO' Frost and ¥Yelowell found that the 2A1

state of H20+ hag an energy of 1L.35 eV relative to the

ground stete of H_ G, and the seeond peak was associsted

2

with this state. The energy given by Ifrcst anéd Yclowell

hY - 4+
2) of 1120 is 16.511- eV

However, no peak corresrconding to this state was distinguished

for the second excited state (2B

in any of the spoeetra, but a small contribution may haove
been concecled in the broad peak associated with the 2A1
state. The third pesl in the spectrum et 58k % is very

broasd ané poerly defined. Two maxima cen be seen which
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correspond to states with energies of 18.5 eV anéd 20.7

eVe Severszl dissociative ionization processes have
thresholds in this regicn. These are thresholds for the

production of 0HY (15.3 eV), 0% (18.8 eV), ana A% (19.5 V).
(¥ield and Pranklia 1957). The third peak was, therefore,

associated with dissociative photoionization processese.

52t

The peak must have contained 2 large contribution from
- X <y "

the production of &, but no further identification of

the processes was possible.

IVe3.2 Tariation of the partial photoeicnization cross-

sections of water vaper with wavelength

The branching ratios for the two states of H20+
and dissocistive phoitoionization sare shewn azs & function
of waveleugth in Tigeb4. This date was combined with the
totazl photoionization cross—section meazsurenents of
Metzger and Cook, (I‘ctzger and Cook 1364a) which are
shown iz Figeb65, to produce the partial photeionization
eross-sections which are shown in TFig.66. The partial
cross-sections eontzin very little structure, snd increase
gradually fron threshold, in contrast to the partial
cross-sections for the distomic nolecules. The 231
cross-section has 2 neximum value at the threshold for

2

the “A, stete, indicating some competition between these
H i% ) &

1

states.
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CHAPTER V

PHOTOICNIZATION IN THE ATHOSPHERE

V.l Introduction

The partial photolonization cross~section
measurements which vere presented in Chapter IV make
pozsible a more accurate deacription of the production
of photoelectronz in the ionoaphere than has been
possible in the past. The total photolonigation eross-
sections of the atnospheric gases are suffiecient to
sccount for the rate of produetion of photoelectrons,
but in previous calculations of the energy distribution
of the electrons, (Palgarno et 8l 1963) inaccurste
approximations to the partiasl photoionization eross-
sections have been used. A knowledge of the energy
diatribution of the primsry photoelectrons in the
ionosphere is cssentiel toc & description of the subsequent
dissipation of the kinetic energy of the electrons, and
in the calculetion of the equilibrium electron temperature.
Another result of photoionization in the upper atmosphere
is the emission of fluorescent radiation with an intensity
which depends on the rate at which ions sre produced in
excited states. The partial photolonisgation cross~
section measurements therefore mske possible a detailed

description of fluorescence in the ionospheric region of
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the atmosphere.

Va2 Phoutoelectrons in the Tonosphere

The principal abserbers of extreme ultraviolet
radiation io the icnospheric region of the atmosphere
are atomic oxygen, molecular oxygen, anc moleculsar
nitrogen, and the photoionization of these is the main
source of electrons. In order to calculete the rste
of production and the energy distribution of the photo~
electrons at & given altitude, the intensity distribution
of the extreme ultraviolet spectrum of the sun and the
number densities of the absorbers et thst altitude, and
the partial photoionization eross-sections must be known.
The energy distribution has been calculated az a function
of altitude by several workers. (ylanson and Johnson
1961, Dalgarno et al 1963, Tohmatsu et al 1365). In
the asbsence of any experimental measurements oi the
partial photoionigation cross-sections, Dalgarno et el
assumed that these cross—sections were proportional to
the statistical weight of the electronic state of the ion
concerned, but the messurements made in the present
experiments show that this assumption is insccurate,
particulsrly in regions of esutoionlszation. In view of
the present memsurements of the partial photoionization
cross~sections, the energy distribution of the primary

photoelectrons in the ionosphere has been recalculated.
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Veloal Caleculastion of the ghotoelactron energy
distribution

The first stsge of the caleulatlon was the
determination of the intensity diatribution of the solar
spectrua as =z funection of altitude. The number densities

for O, 02, and N_, were taken fron the COUFAR International

2
Reference Atmosphcre (1965). The model atmosphere
corresponding to a mean solar activity at noon was chosen.
(dodel 5, hour 12). The atumosphere was divided into
layers with a thicikness (4h) of 40 km. between the
eltitudes of 520 km. and 200 kne., and a thickness of

20 kme in the rezion from 200 kme. to 120 kn. These
layers were chosen s that the thiciness was never
greater than the scsle helght. It was assumed_that the
averege density of each gas in such & layer was ecgusl

to the density st the centre of the lsyer. The ineident
solar fluxes assumed wmnere those given by Hinteregger et

21 {(Hinteregger et al 1365) in 62 wavelength regions
between 1027 % ana 31 g. The intensity in esch wave-
length region st the bottom of each successive layer wss

calculated using the equation:

I, = I, _, exp -[o(0) n(c) » 6(02) n(0,) + o(x,) n(Nz)]&h (313

The offective total absorption cross-sections listed by

Hinteregger ¢t al for each wavelength region were used,
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end at wavelongths where the effect of radistion harden-
iug is sericus, the effective cross-section was varied
linearly over the range of altitudes between the lirits
given by Hinteregzer et al.
;, and NZ were
cglculated for each wovelength regilor =t sltitudes of

The preduction rates of 0%, ©

100 km, 110 km, 120 %m, 160 km, =nd 280 kmn, using the
eguation:

n(x*) = 1,0, (%) n(x) (324

The photoelectron energy distribution was obtained by
dividing the ion production rate according to the

branching ratios for the various energy steates of the

>
2

N; at wevelengths longer than 584 R were taxen from

Fige.49 and 59 respectively, and averaged over the

ione The branching ratios for the states of 0, and

wavelength regions. The branohing ratios for the
states of 0 were taken from the cross-sections calcu-
lated by Dalgarno et al. (Dalgsrno et al 19564). At
wavelengtha shorter than 584 % the branching ratios
for the states of O} and N},

2 2
meaasurements in the region above 584 % shown in Figse

were extrapolated from the

49 and 59. The branching ratios adopted were 207,
2 L 2 hg=
Moo &'y » A0, B2, ,

357, 25°, and 20 for the X =

and 22; states of 0;, and 357, 557, and 10" for the
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122*, Azn , and 522* stotes of NI, These retios were
8 u u 2

assumed to be constant at wesvelengths shorter than

584 R. Tn anslozy with the psrti=1 cross—sections for

stomic oxyzen, (Dolzarno et al 1964) it was assumed

that transitionz corresponding to the removal of an

inner shell electron hed cross—-gzections much smeller

than those for transitions correspomnding to the rexoval

of an outer eleotron.

The photsoclectron energy sesle was divided into
regions of width conmpszreble wlth the width of the wave-
length rezlions into which the scler spectrum wes divided.
The regionc hed widths of 0.5 €V for energles beiween ¢
and 10 eV, ZeV for energles between 10 eV =mnd 30 eV, 5 eV
for erergics between 30 eV snd 60 eV, 20 &V for encrgies
tetween 60 eV and 100 eV, and 50 eV for energies grester
than 100 eV. The photoelectrons were sllotted to the
energy regions oceurnied by the cenires of the npesks in
the energy aspectrur 2t the waveleagith corresnonding te
the eentre of cach waovelength region.

Ve2a2 The primary nphotoelectron energy distridution

The primary photoeleectron energy spectra at 120
k¥ma, 150 kme, 2nd 250 km., are shown in Figs.57-69. The
apectre have a2 shape not unlike an exponential decay,
with s number of szuperposed pesks which correspond to

intense lines in the solar spectrum. *t 280 km., the



sec./ eV )

3

( Electrons/ cm.’

Production Rate

103§q

10%
L
o

10 = J

A i 1 1 1 1 i | 1 1
0 20 40 60 80 100

Energy ( eV )
Fig.67 (a) Primary photoelectron energy distribution

at 120 km.



( Electrons/ cm.3 sec./ eV )

Production Rate

1200

1000

800

600

4Q0

200

Fig.67 (b)

10 20 30
Energy (ev)

Detail of primary photoelectron energy
distribution at 120 km.



10

2

10
-
[(}]
~
)
Q
1]
o™
=
(@]

-~ 10
wm
=
Q
-
-
(]
')
—
&)
[
-

S
o
(o]
-:::
@]
3
o
(@]
3]
[a W

10"

Fig

1 i 1 i ] i 1 ] 1 1
0 20 40 60 80 100
Energy ( eV )
.68 (a) Primary photoelectron energy distribution

at 160 km,



sec./ eV )

3

( Electrons/ cm,.

Production Rate

600

400

200

B T R

A ' 1 L I ] 1 1 i i i i i i [

0 10 30 40
Energy ( ev )

Fig.68 (b) Detail of primary photoelectron energy

distribution at 4160 km,



10

10

( Electrons/ cm,3 sec./ eV )

—
1 o
o L
-
&
1L
g 10 °F
o -
e -
=t -
Q -
3 !
0
~ b
A
102 1 { ! 1 1 i i i pe
0 20 40 ~ 60 80 100
Energy ( eV )
Fig.69 (a) Primary photoelectron energy distribution

at 280 km.



0

—~. 60}

>

0 -

~

o

v 507

n

M -

g

3

~ 40r

1]

g

0

‘_‘ -

=

U —

~ 30

2 1AL

o

-

d 20 F

m

= b

)

. [ —

E 10

o | i

a I

1 L i | 1 L |\ 1 | 1 £ 1 L J
0 10 20 30
Energy ( eV )
Fig.69 (b) Detail of primary photoelectron energy
g g

distribution at 280 km.



=104 =
photolonization of stomic oxygen is the most important
source o electrons, snd the positiocns of the pesks zare
related to the energy levels of 0%, 4t lower altitudes
the photoionization of molecular nitrogen snd oxygen
becounes more inmportant, and the structure o the apectrunm
changes slightlye itaxima in the spectra at 25 eV and
55 et currespond to lsrge fluxes in the regions 310 2 -
280 2 saa 205 % - 165 2 respectively. The region from
310 % to 280 3 includes the intense He II Ly=-= line at
303«% 3. The spectrum for 120 kme, has a regicn {rom
L eV to 20 eV ia which there sre very few electrons,
because racilation of wavelength between QO 2 and %00 X
is absorbed st a Lhigher altitude &3 a result of the
larger absorption cross=sections in this region.

In Piges70 some primary photoelectron energy
distributions for 2 sero senith angle given by Tohmatsu
et a1 (Toumatsu et sl 1965) are shown. These spectra
Lave & similar overall zhape to those of the present
results, but have dirfferent structure. The difference
in the structure is most apparent in the maximum at 25
eV, it lower energy the results of Tohmatsu are less
cdetsiled thzm the present results, and a detsiled
comparison 1s not pessible, but the structure does not
appear to be ia good agrecmente Thesge differences

indicate that the partial photoionization cross-sections
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assuned by Tohnzatsu et sl were very different froxn

those measured in the present worlk. The source of the
partial photoionization sross=sections used by Tohmatsu
et al is not clear, buit the values listed by them are in
very poor azrecnent with those o7 the present work

The speatrum at 120 km. obtained by Tohmatsu et 21 shows
norg clectroas with energles in the ranze b eV to 20 eV
than the spectrua shown in Fige.57, but this iz probably
a result of the different model atmospheres adopted for
the two calculations, snd revresents an effesctive
difference in altlitude.

The totzl rate of deposition of kinetic energy
at each altitude i3 compared in Table T with the
corressonding values given by "algarno et al, =and by
Tohmatsu et al.

Table T

Total rate of deposition ol primary photoeleotron kinetice

enersgy

¥inetic energy deposition rate
(104 e?'ca.sfsoc,)

21te (knm) Prezent Dalgarno Tohmatsu et
work et 81 (1963} | a1l (x965)
280 0.67 0.36 Oel3
160 766 569 9.6
120 22 Ze7 40
110 18 - LO
100 11 - 30
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The present results indicate s meximun energy deposition
rote at a2an altitude cloze %0 120 kms, in better agrecment
with Tohmsatau et 21 then Talgaruno et sl. The maxipum
is 2186 much lerger then that 1ndicated by Telgarnc et
21, &3 s result of the smaller soclar flux below 500 ?
essumed by Dalzarno et el.

Va3 Pluorescence in the Tonosphere

Flucrescence resulta when ions are produced in
electronicelly excited stztes froe which zllowed
trsnsitions to & lower state can occure. The intensity
of the Tluorescence in the various band systems has been
discussed previously, (Dalgarno and ¥eFlroy 1965,
Tohmetsu et 51 1965) but 2 rediscussion is necessary in
view cof the present measurements of the psrtisl photo-
ionigation eross-azectioans.

Te3e1 Fluorescent transitiocns

Sore discussion of the fluorescent treunsitions
which occur 1s nccesssry before the expected intensity
in the variocus bsnd systems cen be considered. 0f the
tws excited states of the atomie oxygen %fom which zre
important in the ionosphere, the 2D state is metastable
with s radiative lifetime of order 10% seconds. {Seaton
and Osterboocclk 1257). Tons in this state mey be de~-
excited by superelasstic collisions with electrons,; and

therefore sct es a heating process in the ionosphere.
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(Dalsarac et al 1963). The 2P state of O
metastable, with 2 radiative lifetime o7 order 5 seconds.
Although de-excitation by electron impact probably
ocecurs, sons radiation may alsc oceur, (Talgarno and
Hcilroy 1955) snd the production rate of afomic DXyEen

ions in the 2? state provides an upper limit for the rate

of emission of the four lines of the 2? - 20 muléiplet
at 7319-30 X.

The fluorecscence from molecular oxygen and
molecular nitrogen will corresponi to the tronsitions

shown in Teble 1T.

Table IT

Pluorescent band systems in 02 ond Rz

Transition Band Tovelength
System Region
* 2= +¢,.2
03 ( zg}» o (a1 ) + w . 3600 %
& ﬂz' & 2 1 2 ?
02(“ Hu)ﬁ 02(x HS) + hy Znd.Negative 2600 X
0t (b*2 ) 0 (a®n ) » hw 1st.Negative 5900 %
2 g 2 u
N;(nzz;)e N;(xzz;) + hv 1st.Negative 3900 R
H;(Azﬁu)4 N;(XZE;) + hv Keinel Infra-red

This 1list includes transitioas from the 22; state of 0;

which were not ineluded in the eslculations of previous

workers. The akﬂu state of o; is metestable, and is
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probably de-excited through super-eleostic collisions.
*1s0, the Hopfield enmission bands are not expected to be
prominent, since it was essumed thet the ch2; unper state
iz not produced in significant numbers. JSome additionsl
fluorescence will result frox the fluorescent autoionizing
process, which was discussed in Jec.IVel.6. However,
the wevelenzth of the fluorescence cannct be predicted,
since it is not 'nown whether or not a2 cascade of
fluorescent transitions occurs.

Va3a2 Tntensity of fluorescent emissicn.

The rate of population of the upper siate of each

fiuvorescent trrnsition is given in Teble ITI Tor esch of

the five eltitudes. The rate of population of the hgﬂu

stete of Oz is sunplemented by fluorescent transitions

from the 257 state, and the total rate of population is

i

given in Table ITI.
Table III

Rates of population of the upper stztes of fluorescent

trensitions
fate of population (Iuns/cm.B/sec.}
c* ot . pd
M. (ea)| %2 | %] bhE; A% | A% s}
260 | 63 | 3.4 | 6.0 | 5.2 | s | 20
160 250 96 140 140 90 210
120 140 230 280 310 1100 200
110 31 110 130 150 510 33
100 3.3 37 L7 50 170 32
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The values of the population rate were used to estimste
the overhead intensity of each band syaten. L ocurve of
production rate agninst eltitude wss drawn for the upper
state of esach [lucrescent transition. fssunming that the
enission rate for each fluorescent procoss wes egual to
the production rate of ions in the upper state of the
trensitlion, the zree conteined by the curves gave the

overheas intensity by using the equatica:

-]
T = —13~/ R{h) dh Rayleighs (33,
10° J,

where Z(h) 1s the rate of population of the particular
state of the ion. The overhead intensity of each band
syaten 18 glven in Tsble TV, and eompared with the results
obtained by Nalgarns and ¥eTlroy, and by Tohmetsu et al,

Table IV

Cverheed irntensities of fluorescent band aystems

Overhead Intensity (kR)
Band Systen Present Dalzarno and Tohuatsu et sl
work VoElroy 1965 1965
o*(%p - 2p) 340 1.5 3.0
OZ Yopfield - 0.6 -
03 3600 ? 1.3 - -
0; lat, Neg. 1.9 2 505
a; 2nd. Neg. 24,0 Oek 1.2
n; lst. Neg. 245 D6 11,8
m§ {einel 12 9 12.8
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The intensity ziven for the 0*(°P - 2D) multiplet
is only an upper limit to the aotuasl value, since some
de-excitation of the metastable 2? staste cccurs through
super-elastic opllisgions. Delgerno and HoeRlroy estimate
that the intensity of this nultiplet is reduced by a
factor of three by collisions with eleotrons a2nd nitrogen
molecules. The results of Tohmatsu et sl give large
values for the intensities of the 07 firast negetive band
systen and the HE first nezative band systen, indicating
large errors in the vslues they adopted for the partisl
photoionization cross-sestlions for the bkﬁ; state of 0;

2

and the B x; state of N;. The large difference between

the present value for the intensity of the 0}

2
negotive bend syastem and the value given by Dalgarno and
2

seoond

MeElroy is a result of the tranaitions froxz the 8;

state of OE to the Agﬂu which were not inoluded by

Daigarno and MeElroy. The discrepancy in the values for

+
2

is largely a reault of the difference between the present

the intensity of the first negative band system of N

measurenent of the partial photolonization oross-seoction

»
2

(Sehoen 1364 ) whioh was sssumed by Dalgarno and MoFlroy.

for the BQZ; atate of N_, and the value given by Schoen
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SUGCHSTIING Fou SURTITE S7UDY O PHOTOTONIZATION

VIi.1l Future bDevelopment of Photoelectron Upectroscopy

It is clesr thet the study of photoelectron
energy spectra provides & vzlusble method of cobaerving
the prozess of photoionisgation. T;e results presented
in this thesis have shown the competition between the
various photoionising processes, asnd the effeet of
autolionizing energy states on the distribution eof the
eross=-Bection among the competing processes. The
rhotoelectron apectre from oxygen indicated that a
fluorescent sutoionizing proceas ccecura. Although
the present results represent a considerable improvement
over any previous measureament of the pertial eroas-
sections, it is desirable that these phenomena be
studied with better resolution than wes achieved in
the pregent work. The technigue has the potentiel of
providing data which will lecad to a better understanding
of the guasi-gtszble states which play an important part
in thé photoionization of wmolecular gases. It is also
important that the observations should be extended to
ghorter wavelengths, where new photolonising processes
have their threshold. Thesze oross~sections are needed
for the caloulations of the energy distribution of the

primary photoelectrons 1n the ionssphere.
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VIetet TInprovements to the experimental techniague

Before a more detsiled study of the photoeslectron
energy spectra 6asn be ettempted, the experimental
technigue must be inpproved to allow spectra of higher
resolution to be recorded. The most important of the
factors limlting the resolution, which were considered
in 5ec.11T1.5.2, are the degree of ecollimation of the
alectrons, and the energy resolution of the beam from
the monochromators However, sn improvement in each
of these factors reduces the number of electrons
collected, and a umore sensitive method of detection
is required in an improved appraratus. The most
suitsble method is the detection of individual electrons
with one of the e¢lectron wultiplyin., devices which have
been developed. Leasettre et al 196L, Goodrich and
Tiley 1961). These devices require that the electrons
should be acoelerated to sn energy sufficient teo
produce secondsry electron emission fron the dynode
surfaces of the deteoctor. The use of an electron
accelerator alsc provides the possidility of focussing
the photoelectrons into the detector from an ionization
region larger then the detector. 2 new apparstus
using this type of dctector, with a plane parallel
retarding potential analyser, is the next logical step

from the present apparstus.
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ilthough an improvement in the resolution of
the spectrometer anllows a more accurate unifolding of
tie spectra, the accocuraey of the partisl cross-sectious
ig 8t1il1l limited by the low emnergy ares im the spectra
which reaults from the reflecticon of electrons from the
surfece of the collinsting electrodes Further
inveastigstion of methods of produoing a collimating
electrode without this defect is needed.

Trhe possibility of using a parsllel plate
electrostatic anaslyser, which wes considered in
Cecalliie2e1, warronts further ianvestigation. Although
the technical problens of usluz this analyscer sre very
graat because of the ziall number of electrons whieh
may be detectcd, the siventage of being sble to measure
the anguler distribution of the photoelectirons may alse
be coansiderable.

Viste2Z TFurther experiments

There ars scverzl experiments which reguire the
fdeveloprent of a photoelectron spectrometer with
improved resclution and sensitivity. The Tirst is a
nore detailed examlunstion of the ercas-—-sections which
have bLeen seasured in the present work. In regionsa
where the structure Jdue to autolonization is strong, the
partial cross-sceticns should te cxamined 53 a function

of wavelength with a wavelength resolution smsller than
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the width ol the sutoioniszed bsnds, thus building a
cetailed picture ol the branching rstios {rom the quasli-
stable stetes, frox wnich variations in the propoerties
of these atetes can be observed. The present results
indicate that the a:tolonigzing processes in osygen
favour the formation of ions in the ground stale rather

=

than the ahau state of {the oxygen ione. Improvement of
thec resolution to the gpoint where tie vibrational
structure of the bunds is resolved would sllow acocurate
neasurements of the cnergy levels to be wade, and the
relative excitation of the vibrational levels to be
studied as a function of wavelecagthe

It is nlso desirsble thst the vartiszl eross-
secetion measurements should be extended to shorter
wavelengthse. Jor the purpose of calculating the energy
distribution of tlie primery photoelectrons in the
ionosphere, it wzs assumed that photoioniszing proceasses
which correspond to the removal of an inner electron
maxe only s smell contribution tc the total photoioniszation
cross-~section. This sssumptlion was mzsde in analogy
with the calculazted cross-scctions for the correaponding
trensitions in stomic oxygen, (Falgarno et al 195L4)
but it is necessary that these partial eross-sections

2ould be measured. These nmeasurenents also reguire a

more scasitive spporatus thsn the one used in the present
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work, sinee the li-ht sources which «re¢ svzilable in
the wavelength region below 500 g cre less intense
then the Hopfield continuvum socurce which was used in
the present experinents.

Impreved resclution iz glso required for further
study of the process of fluocresce. .t autolonlzaticn.
3ueh & study would resolve the question of whether the
upper gqussi-stable stzote of the fluorescent transition
can be associzted with the autoionizing levels whiech
appear in the total photoionisation eross=-section, or
whether a much broader state is involwved.

‘ezsuresent of the sngular distribution of the
photoelectrons would be velusble for at least two
re&ssons. Firstly, the present meazsurenents of the
partiel cross-sectiocns are based on the measurements
of a sample of the photoelectrons whic: are emitted in
a direction perpendicular to the besm direction, under
the assunption that this is & representantive ssample for
ell transitions. Towever, if the angulsr distribution
is not the szme for all transitions, then the partiasl
cross~scotions ore in error, and & correction based on
measurenents of the angulér diatributions should be
applied. Secondly, since the angular distribution
depends on the angular momentus of the photoelectron,

(CeceTITeHe1) the angular distribution oi the photo-
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clectrons coantasius informetion sbout the nsture of
the tronsition. Thotoelectrons exitted by zrocesses
of autoionigzation wmsy be distinguished by a measurement
of their sngulsr Jdistributiocn, which mey be different
from thet of other iresunsttions if the quasi-steble state
is sufficiently long lived. (Sec.TV.1.6).

VIia2 Tluorescent Tadiation

Sore of the experiments which have been
perforned to study the fluorescence I'ron gases ixduced
by vacuum ultrasviolet rsacdiation were outlinecd in
Secelelrele In the nost useful of these exjperiments,
{Judgze et al 1963) the fluorescent radistion weas
disversed with o low resclutien nonochromator, =né the
coutlines of seversl band zyrstens were recognised. The
results of these ex-eriments sre valusable, and further
improvernent of the technique should be attenmpted. In
prriicular, it is desireble that an experiment should
be conduncted tc detect the radiation Trom fluorescent
autoioniging transitions in molecular oxygen. {(JeceIV.leb)

Tle?el Tadistion fron fluosrescent autoionization
Q

£t en i.cident beax wavelength of 800 the
amount of energy relessed as radliation in o flucrescent
eutoionizing transition in moleculsr oxygen corresponding

to the ejection of a 0.5 €7 photoelectron is 2.3 eV.

If this energy is releszed as a single photon, then the
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wavelength of the fluorescent radiastion is in the
reglon of 4300 E, fowever, ap diacussed in fec.
I7a1eb6, it ig likely that s cascade of fluorescent
trongitions with 'n evern number of steps seccurs. e
the number of transitlons 1s two, thern one of the
rhotous mustlhave » wavelength no longer thean BECC 2.
The fact that previous experimenters have not observed
fluorescence in oxyzen at ineident wsvelengths longer
than 770 ? mey be expleived if the radiation from the
fluorescent autolonisziug transition has 2 wavel ength
in the infra-red reglon where the detectors which were
nsed are insenszitive.

Ain initinl experiment to investigate the emigsion
of radiation through fluorescent sutoionizing trsnsitions
sould %e conducted using an incident besz with » wave-
length nesr 800 ?, which 1s intense znd not necessarily
of good resolution. The detector should be aensitive
to infra~red radiation,

Ain improvencnt of~the technique of diaspersirg
fluorezcent rszdistion would mske posasible the
ocbzervation of the fluoraescent radistion emiticd by

eoleculsar oxysen ions ia the EE; state. If the

randietion is produced by transitions to the Azﬁu atate,

thsen it has 2 wavelength in the region of 3600 g.
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&b TT'.'?IX I

Ultraviolet Spectroscopy with a photoeclectron spectrometer

Since the vhotoionigation of srgon by a
moncenronatic besm of radiation produces almoat monocenergetie
photoslectrons, (GecelIT.5) the encrgy spectrum of the
photoelectrons produced by e non-monechromatic beanm 1is
the same as the photon energy spectrum of the bean. A
vhotoelectrun spectrometer may therefore be used as an
ultraviolet spestroneter of nmoderate resoclution, the
present speetroneter having a resoluticn eguivalent to
11 8 at a wavelength of 584 %. Tt is suggested that an
apparatus of this type may be useful a5 2 low cost ultra-
violet speotrometer.

Suoh s spectrometer may find application in rocket
borne experiments, nlthough there are several difficulties
which must be overscne, An sdvantage of this spectroueter
is the faot that it may have s large aperture if a method
of restricting the za2s flow from the spectrometer chanbdber
‘csn be devised. niffieulty may also be cxperienced in
devising electronic circuits with time constants which
are short encugh to sllow = sufficlently rapid rate of
scan of the retarding potential. A varlation of the
spectrometer which detects only = fixed range of weve~

lengths may be construoted as shown in Fige71ls The
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Fig.71. The differential photoelectron

spectrometer,
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cylindriecal electrode structure is split into two
sections, and cach anode is connected to a separate
electrometer. A fixed retardiag potential is applied
tc each section of {he cpectrometer, ecackh rotentinl
corresponding to & limit of the wavelength region which
is to be detected. The difference betwcen the electron
surrents meapsured bty the two eleotrometers is proportionsl
to the integrated intensity in the wavelength region
defined by the differcnce between the two retarding

rotentiala,
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APPENDTIX IT

tesolution of the enaglysing grid.

“hen a wire grid ia used as the snalysing
clectrode of 2 relfardiag potential snalyser, one of
the factors which limits the resolution is the variation
of the potentinl of the space between the grid wires
from that of the wircs, In the following caloulation
an expression ig found for the potentisl amidwey betwsen
the wires of & grid consisting of :-srallel wires.

The eleoctrode configuration 1s shown in F4g.72.
The potentials of the cathode, zrid, and encde are Vc,
Vg, and Va respectively. An analytie ffunetion
W x £f(8) = Us iV is constructed, where s = x + iy.
In this field, equipotentisls are lines of constant V,
and field lines are lines of conctant U, The function
is oconstructed by assuming that the grid wires ocan be
simulated by line charges end dipoles plesced slong their
axes. {Bunemann et al 1943). The field strenszth

betveen the cathodec and the grid is:

z = '8~ Ve
c

(34)

e

and the field strength between the grid and the anode is:
V. -V
n

g B wmnf (35)
b

Thus Ec field lines per unit aree arrive at the grid, and
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Ea lines per unit area leave it. The number of field
lines per unit area arising from the grid 4is:

A m (Ei “ E,) (36
This implies thet line charges of strength AEd/hw are
induced on the grid wires. The complex potential
function for s unit line charge, periodic over the
interval between the grid wires is:

% = 21 log sinh %ﬁ | (37)
This funotion gives approximastely oirocular equipotentials
in the viecinity of s = 0, %14, 221d, ete. Negleoting
3

terms in r”, the mesn potential around a circle of
radius r is:

2 log %Z (38)
The complex function corresponding to the grid wires at
serc potential is:

i s ZEsa (10z sinh %3 - log %3 (39)
2ﬁ..

4 uniform fleld % induces s dipole of intensity
2

Er” at the centre of the grid wires, The complex
potential function for thias series of dipoles is:

¥y :-Er%(%} eoth Ei (40)
It cen be shown (Bunemann et al 1949) that when combined

with the uniform field function # %8 this funotion

E!ﬂ
givesn Isl = © as a zero equipotentisl,

The oomplete potential funotion, which has



|sl= r, |2 % nid] = r as equipotentisls, with VeV, 181
How AV 4 Wy e Wy e Wy (41)
The potential midwzy between two grid wires 1s found

by putting £ = 1 4/2, and eveluating the imaginary part

of e With =2 = 14/2
: sy N A% wr
iy == - i(gd log 3-')
".‘iD = (lt-a?)
V. o= =B3/2

The potential midway between two grid wireas is, therefore:
VsV, - 524 log T (43)
The point £ = 1d/2 represents the minimum potential
bsrrier (Fige27) only when the fields B, end E_ are
equal and opposite. In general the relevent point lies
on the line £ = X + id/2, but in all cases the srror
czlculated usinz the point % = 1d4/2 is egual to, or
bigger than the aotusl error. In ¥ige73 the fsotor
%; log %3 is plotted 28 & funotion of the number of grid
wires per iLnoh for u number of grid wire diameteras. The
grid used in the photoelectron zpectrometecr desoribed in
Chapter III was constructed of wire mesh, and the potential
fluctustion across the surface of the grld was less than
that for n parallel wire grid with the ssme wire

separation, end the sbove calcoulation provides an upper

limit of the potentiazl barrier spread, The potential
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