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1. ‘Introduction
| The field-of photoionization is one area of the more general
brobTem of understanding how radiation interacts with atoms ana moTecules.
Fgr most atoms and molecules photoionization occurs fof photon energies
, greater than 10 éV. That is, {in the spectral region of the vacuum
_u1travio1et. Understanding of the %nteraction mechanisms is important
to such fields as plasma physics, atomic anq,m61ecular physics,-
aeronomy, and astrol;hysics. 2
. The primary processes in photoionizatiom are (a) direct joniza--
tion into the continuum, with or without excitation of the fon, (b) direct
diéso;iative-ionization,.and (é) direct mu}tiﬁfe ionization. Secondary
processes occur such ag,f]uorescencé from the excited states of the
ions,'subseduent dissociation from an otherwise stable state of the -
ion {predissociation), and multiple ionizafion_through Auger processes.
Know]edgevdf bgtizthese primary and segondary processes are extremely
i ‘valuable to many fig1ds of écience. The goal in experimental photo-
- i?niiation stuq%es is to determine the absolute interaction cioss
' seﬁtioﬁ for each of the specific précesses. From the theoretical.
_point 6f view it is desired to be abe to ca1cu1até tqe probability
of any specific phofofonization event. In any caTcuIatioﬁ, however,
it is necessary to understand the interaction mechani;ms in order to
perform reasonable calculations. For example, doés the photon field
interaét simp1y-With one electron in an étom or with severali? Is the

6ut-going photoelectron influenced by electrons from within the same
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shell or in other shells? From the large body of recent theoretical

results it would appear that a single electron model is suitable for-
-inner-shell ionization[1]. However, for lower photon energies where
the interactions occur iﬁ the valence shells it would appear that
collective processes are taking place and ca?cafﬁtions based on a
many-body thecry are necessary. To reconcile the various tﬁecretical
approxiﬁétions it {s necessary to obtain resuits for the partial cross
sections. Considerable progress has been méﬁe along these lines within
the last five years.

It is the purpose of this'report to review the current status

of Photofonization. A description of the various techn1ques that have

heen developed to study photoionization will be given. Selected atoms
and mg!ecules will be chosen to illustrate these technigues and to

show the present state of our knowledge in this field.



2. Experimental Techniques
The products of photoionization guide us to the various techniques
that can be'hsed to determiﬁe specific absorption pfocesses. The most
:important products are the ions and electrons. Mass spectroscopy is
used to identify unambiguously the ions that are produced. Measure-
ments of the ion and electron kinetic energies lead to the fields of
pha%oe]ectron and photoion spectroscopy. Where fluorescence is present
it is possible to measure the competing processes of autoionization and
fluorescent de-excitation. In determining partial cross sections care
must be taken not to count secondary reactions in the primary photo-
icﬁization partial cross section. For examp1g; the partial cross
section for producing a specific ionized state of a molecule can be
determined using the technique of photoe]gctron spectroscopy. However,
if the molecular ion then predissociates the partial cross sections
obtained by mass spectroscopy should not be considered as a primary
kprscess. ) -

- 1

i Central to the entire process of obtaining partial cross sections

?jais the precise determination of total absorption cross sections

gg . This can be expressed by the relation
R

L9

=q Y N T (2.1)

—_—d— 2

SN
I o
Where y is the photoionization yield, defined as ions produced per

photons absorbed. Nj represents either the number of electrons
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ejected'from the state j or the number of fragment ions of mass j,

and Z Nj represents either the-total number of primary e]éctrons ejected

or the total number of jons of ail masses produced; Thus, total absorption
cross sections and ionization yields: of gases must be measured before. it |

is possible to determine absolute partial cross sections.

H2.1. Total Absorption Cross Sections

The traditional method of measuring absorption cross sections is
to measure the intensity of the radiation passing through an absorption
cell before and after fi1lling the cell with a gas. The absorption

" cross section is then given by

L = (I/nL) & (I/Io),‘ | . (2.2)

-

where n is the number densify of the gas, L.ig the path length traversed,
Io_and I are the intensities of the radiation before and after filling

the cell wifh gas, respectively. One drawback of this method is that

there is a delay in time in measuring I0 aﬁd then I. During this

interval the iniensity.of the %ncident radiation may vary. Thus, techniques
‘have been devised to bring the methods of double beam or split beam

spgctrophotometry, used in the visible region of the spectrum; to operate

in the vacuum uv regioniz_s]

. . From the point of view of photoionization
this usually means that window materials cannot be tolerated and absorption
cells must be used with a continuous flow of gas. Thus, only the split

[5} are suitabie

-beam types as used by Boursey, et a].[3] and Hudson
[+ ]
for work below 1000 A. The split beam spectrophotometers consist generally
-~ of a mésh placed at 45° in the incident 1ight path and lccated in front

nf t+ha entrance +n the ahgnrntinn rell. The mech i< enated with sadimm
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‘ sa}iayiate{bj

and the fluorescent }1ght is observed with a photo-
muTt1p11er at r1ght angTea “to  the direction of the ionizing radiation.
i Thg transm1tted radiation is viewed by & second photomultiplier. The
) twa'ﬁu1tipliers are matched and adjusted{to give similar reagings-
: with‘gq:gés_in thg cell. The ratio of the iwo signals when gas is
- in‘tﬁe cef? is use&"in eq. (2.2) to determine the total absorption
™ cross section of the gas. ’
; - Systematic errors can arise with any method using photomultipliers
‘ éwing to the pcsgibi?ity of fluorescence being praéﬂced‘in the gas.
. The fluorescence ¥s usually of wavelengths Tonger than the ionization
pétéﬁ%iailbf';he gas .and can be detected by the photomultiplier
: measuring the transmitted radiation. This problem is particularly
i serious w%%h 292.’ '
The éboﬁe prob?eﬁs can be eliminated;by"%he use of a double fon

' chamber_[7’8]. The experimental arrangement of the double jon chamber

-is shown- in fig. 1. Because the radiation is absorbed eprnentﬁél]y
in the‘ggs'the jon current prsdaceénalcné the- fonizing beam also
: qecréasas"expohenéiaily. If all the ions produced above a collector
Zie?eqtrade are collected by that electrode and if ¢he_e1ectrodes are ‘
af equal Tength L, as shown in fig. 1, then the absorption cross section

is gzven by ' . -

- ) & . [ @ . -

o= (1/nL) ﬂm(«{.’/fta), (2.3)

. where i3 and iz are the ion currents produced above each electrode.

‘ The double.ion chamber has all the advantages of the split beam methed

.. because 11 and 12 can be measured s1mu1taneous1y Tt 15 not on?y

insensitive to fluorescence produced by the absorption process but
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y;itAis_gléo“much less sensitive to scattered light from the monuchramato?
éystem. -When at all possible the use of the double ion chamber is the
mo;t’aécurate method for measuring: absorption cross sectioﬁs.' OFf course,

| whenjthé gas is a vapor that‘must be produced in a heat pipe or equivalent
system it is usually not possible to apply the double ion chamber technigue.

slThe accuracy in determining o depends primarily on the precision

ﬁwithiéhich the pressuré‘gnd the ratio (i}fﬁz) can be measured. - Probablyl
‘thé:most accurate‘préssure.measurements are made with precision micro-

[9]

. manometers and;wéth capacitance manometers[TD] (e.g:; Baratrons.).
"An accurac& of + 2% or better should be cbféinable. The error in
. In (33}{2) is typically 1-or 2 percent. This gives a standard deviation
6f about 2%% for the error in o.
- Systematic errors can be.further minimized by the proper selgctﬁon
of 1i§ﬁt'sourbes.\ Where -structure is preggnﬁﬂgn the‘phctoionizqtion' ‘
_cross séctien it is necessary fo use a source of continuum radiatien.

M 4, synchrotron radiation. However,

such as- the Hopfield continuum
even with a continuum source of radiation errors will appear if the
_ structure is very fine. This means that measurements .must be made

)?with'fhe highest possible resolution. A-major problem with continuum

. ¥

. sources is the difficulty in determining the effects of scattered light.
Thué,.when measuring cross sections in the ionization continuum‘discréte
Tight sources should be used whenever possible. The effects of scattered

Tight can then be easily accounted for.


http:the'photoi'onizati.on

2.2 Photolonization ocross sections

The photoionization cross sectiond; is a measure of the probabllity that

an absorbed photon will profuce fonizabion and is defined as

7 = Ydi- ) (2.5)

x-g?zere Y is called the photoionizaiion yield and is defined as the mumber of primary
ions produced per photon absorbed, The value of Y is unity whenever a photon ‘
produces d@n ion regardiess whether the lon is singly or muliiply charged, Thus,
far atoms the photoionization cross sections and total a’sso:c@tion cross sections
are synonomous. We are neglecting the effects of scattering because this is only
im;ﬁoriant in the x-vay region of the specirum, For molecules, howsver, many more
.channels are open and the yield 18 generally less than uniity near the iquizatien

thresholid,

. The measurement of photoionization cross secti.:;;ns requi-:ras 2 measursment

-of the absolute intensity of the ionizing radiation. In the past this was dif- ~
fieult to do in the vecuum ultraviolet region of the spectrun, Traeditionally,

“a ¢alibrated thermocouple,was used o determine radiant enérgy in the visible and
infrared spectral reglons, However, in the vacuun uv where the irtensity of. light
soumet; are genevally weaker than in the visible, measurements with a *izhamaceuple
are ex*t‘:mmely todicus and inacturate, With-the development of the double ion
cha;uhe:c for :’absolute intensity measurements the situation is very much betier

{?, 121* With 2 carefully constructed double ion éhambez, similar to that shown

in fig. 1, the absolute intensity of the lonizing radiation is given by

x,, (2.5)

(Y } (A *“/‘1)
whare Y is -hhe ienimtien effiaiem:y, defined as the mwmber of chazges prodused

per photon absorbed, For atoms ¥ = 1 betwsen the thresholds for single and double

lonization., Neyond the threshold for double lonipation ¥ > 1,
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P, e is the electronic charge and i1 and i2 are the ion currents
collected by the two electrodes. Equation (2.5) implies that the efficiency
ef’ﬂ”5~must be known. This is true, however, as mentioned above the
) efficiency )

fonization /( of an atom must be unity between the onset for
jonizationand the double fonization threshold. Normally, the rare
gases are used in the double fonization chamber. Thus, in eq. (2.5)
.we can set Y= 1, To extend this.téchnique to shorter wavelengths
we must know the effects of multiple ionization. These have been

' o[13-15]

measured down to about 40 A .

For convenience, secondary standards such as photo-diodes can

[16]

be calibrated against the double jon chamber . 'This is the procedure

now adopted by the National Bureau of Standards[]YJ.

The ionization yield of a2 molecule is measured by flowing the
mo1ecu1ar.gas under consiﬁeration into the double fon chamber. The
intensity of the radiation, Iys can then he’determined either with
g calibrated photo-diode or simply by repeating the experiment with
a rare gas.

L

2.3 Photojonization Mass Spectrometers

., Having determined éhe probability that a photon will caasg.
" jonization the question arises ceﬁcerning the state of the ion. Did
the fonizing event cause single or muitiple jonization, did dissociative
jonization occur, or was the fon left in some state of excitation?
The problem o% dissociative and multiple fonization can best be studied
with a mass spectrometer. '
The use of a photon source to produce jons in the iﬁn chamber
of a mass spectrometer dates back to 1930. At that time %erenin and

{18-20]

co-workers photoionized thallium iodide vapor in the speciral
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" region of 2000 to 2200 E. Virtually no more work was done along these

Tines until 1956 and 1957 when Lossing and Tanaka[21]

(22]

and Herzog and

'ﬁarmo used undispersed Hz 1ight sources with LiF windows to produce
" fons within a mass spectrometer. This provided an jonizing energy
- band of about 9 to 11.3 eV (1400 to 1100 E). Thereafter, photoionization
with mass analysis and variable wavelengths developed rapidly[23'33].
A typical arrangement of 1ight source, vacuum meonochromatorsy and

-mass spectrometer is shown in fig. 2. Magnetic sector, guadrpoie, and
time of f1ight mass spectrometers have all been used with photoionization
sources. A1l have their advantages. However, the prime problem to

be solved with any mass analyzer is the discrimination against ions
formed with kinetic energy. In the dissociative ionization process
~ the fragmeﬁt ions can be formed with several eiectron volts of energy,
whereas, the parent tion is fbnmed"sjmpjy,with“iis room tempeﬁature,
energy of about 0.025 eV. This usually causes severe discrimination

in the mass spectrometer. Most of the measurements to date do not
~ correct for this discrimination and the published data must represent
a lower limit to %he amount of dissociative jonization. The one
~exception to this is the recent work of Fryar and Browning[33]. Their
é;stem was designed and studied with the expréss purpase of providing
agsoiuta branching ratios of the ionized fragments. This s done,
essentially, by using a very large extraction field (about 1 to 2 kV).

Another problem in the use of mass spectrometers is the discrimina-

tion experienced by the ion detector--usually a windowless electron
multiplier. The -detection efficiency varies with the amount of charge

per ion, mass of the ion, and molecular arrangement (i.e., diatomic,

triatomic, etc.)}. These effects have been studied in detail by
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L34] and Schram et a1t%°, For example, Schram-has shown that

- atomic'ions ofuvar1ous charges, but all with the same veTocity; will

. be detected with equal efficiencies.

Phot010n1zat10n wath mass ana1ys1s is extremely important even

process. But to detepm1ne absolute branching ratios.great care must be

- important but neglected area is the measurement of the kinetic energies

-1f just to understand what channels are available in the photo1on1zat1on

f_exercised.. To date, very little has- been done in fhis direction. Anothe

of the ion fragments 51mu]tane0us]y with mass ana1y31s ' ATso coincidence

. measurements of the photoelectron energy and ion are extremely usefu].

few results have been obtained by E]and[36’37]u In most cases, simply

'studying the kinetic energy. spectrum of the photoelectrons provides a

—

. wealth of information. However, coincidences techniques with mass
- analysis allows information on.direct. dissociative ionization process

in contrast to ionization with subsequent predissociation.

A]thbugh mass éna1ysis does provide some “information on the

. various channels open to photoionization it gives no. information on

the,statexof'excitat{on"produeed in the “ons. This information can

.best be determined by the technique.of photoe1e§trdn spectroscopy.

2.4 Photoelectron Spectroscopy

Photoelectron spectroscopy is .a relative new technique. Work

[39]

1n this field was f1rst descr1bed by Vilesov, et al in 1961 and

[40]

independently by Turner in 1962. The principle of -this method

. is as follows. In the photoionization process a photon of energy hv

will eject an. electron with a specific energy. The residual ion will ‘

also be -given.same energy. However, since momentum is conserved the

A
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. energy part1txcn between the e?ectron and the jon is in the inverse
:rat1n nf:the1r masses. Therefore, practqca11y all. of the anergy is
carried,aﬁay ﬁy the electron. Thus, the energy of a particular photo-

"electron is given by,

£i= Av - T4, (&8

2where‘§g_represents the photon energy and Ij represents the jth-ionization
“ie§e3 of the atem‘er molecule: This Tevel could be a $pecific rotational
Tevel of a particular vibrational and electronic state éf the molecular
ion. Therefore, know1edgeﬂof both the .electron energy and pﬂotoﬁ energy- .
is sufficient to obtain precise information regarding the energy Igvéls |
of an étoé or.mélecuie« As can be:seen‘froméeq.-(zil), once the tatal
--:ahserptzsn cross sections and the photoionization yields are known thén
-all that remains to be*measuredwﬂn order*towf1ﬁ&~ﬁhe*part1a1 photo%on1za~ '
tion cross ;ections is-the ratio~§%/§§@{ 'mhis-natio;is known as -the

Branching Ratio, that is, it is the number of electrons ejected from a

peczf}c state dzv}deé by the total number of electrons ejected frem

all statﬂs by a photon of a given energy. -

; Photoelectron spectroscopy is the technique to use in determining

A

_ ‘the state of excitation produced in the residual ion. When fragmenta-
) t%an or ﬁu!tipie jonization occurs the electrons age.eﬁécted with a
broad continuum of energy. In many cases these continua are difficult
to observe above a scattered-electron.background, in which case, the
technique of mass analysis is best used. .

HMany typés‘ of e? ectron energy analyzers have been déscr‘iéed for
measuring E3{49 44}. However, all analyzers sample only a small fraction

of the electrons.produced, usually in an acceptance cone of 3 to 6°.
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One of the most sensitive differential electron energy analyzers is

the cylindrical miveor 497471

In this’case the acceptance angle is
6° x 360°. A schematic of a cylindrical mirror analyzer is shown

in fig. 3 with the 1ight beam incident on agis. A typical photo-
electron spectrum of 62 is shown in fig. 4 and illustrates the

beautiful way in which the energies of the molecular orb1ta]s are

'displayed on a linear energy scale. In this case monochromatic radia-

-

tion of 584 E {21.22 eV} was used to ionize 92. But in addition to

giving the energies of the vibrational and electronic ?eve}séthe peak
heights in the spectrum give the transition probabilities for entering
each state. However, this is only true provided the collecting efficiency
of the analyzer, epgrating at that specific angle, is constant for atil

electron energies. In general, this is not the case. There are two

-main reasons for this. - First, Tow enengy_e&eétronsyavemmowelafﬁected

by contact potentials, stray magnetic.fields, and fringing eleciric
fields than are the higher energy electrons. Secondly, phctoelectroﬁs
are a;ested with specific angular distributions that depend upon their

energy and upon the orb1t from which they are eJected {(i.e., upon their

-angular momentum state). Thus, it is necessary to correct for these

%wo probiems in order to obtain meaningful branching ratios.

3

t * The first correction to be made is for the varying anguiar
distribution of the photoelectrons. It has been shown thebretica11y548’4g}
that fbr dipole transitions the number of electrons @5&ejected‘per unit
solid angle in a specific direction by plane polarized radiation is

given by

N&. o¢ (GS /4?_:)[] *ﬁ rz(t’wé’)],y (2.7)
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where B js an asymmetry parameter that can take on values ranging
from -1 to 2, @ is the angle between the electric vector and the
photon direction, and Pe(cose) = 3/2::052 - %. Equation (2.7) has

d[50~52]

been generalize to include the case of partially polarized

or elliptically polarizad radiation and takes the form

- ‘,’;j]g\\oc (g‘:\_/ﬁ)h*&ﬁ lfé%( ﬁfc;.%\*C%%)”i }J (2.8)

where g is defined by the ration }ﬁ?;ﬁ;a}ﬁ being the intensity of the
radiation vibrating along the x-axis and }5’%. the intensity vibrating

along the y-axis. The angies 8, and @Y refer to the direction of the

. photoelectron with respect to the x and y-axes, respectively, as shown

in fig. 5. Either the x or y axis must be.oriented paraliel to the

. direction of maximum polarization. The general "expression in eq. {2.8)

is necessary because mpst vacuum ultraviolet monochromators produce

partially polarized radiation and synchrotron light sources are all

\

‘of their angular distribution. Thus, all analyzers should observe electrons

ei?zpt%ga??y polarized. When ?i%f ﬁy\

8 in eq. (2.8) vanishes and the number of ‘electrons observed is independent

= 54°44"' the expression containing

1

é?_this "magic angle” in order to remove the effects of varying angular
distributions. Unfortunately, most measurements reported in ‘the Titerature
have not been made at fhis angle and’céfe must be taken when comparisons
are made between electron groups of quite different energies. If the
angle of observation and 8 are known then eg. {2.8) can be used to

correct ﬁj. )

If an electron enrgy analyzer is used at 54°44’ then its Tuminosity,

N »
defined as the fraction of the total number of electrons produced that
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are detected, can be measured as a function of electron energy by
studying the photoionization of the rare gases as a function of
wavelength. The ratio of the photoelectron signal to the incident

light Tntensity should be proportional to the known total photo-
[8]

ionization cross section Any deviations constitute the necessary

correction factors. This technique has been described in detail by

Gardner and Samson[53]. Data produced by a calibrated analyzer caf

then be used as a secondary standard to calibrate any other type of
analyzer. Accurate braﬁching ratios for Nz,_CO, CDZ, and 02 produced
by the 584 E line have been pubiished expressly for use as a secondary
standardisq}. .

If the electron energy analyzer is equipped with a retarding/

accelerating lens, as shown in fig. 3 then it is possible to obtain
' 4153551 .

-

a %airly-accurate calibration by the inverteq"bass curve metho

2.5 Fluorescence Spectroscopy

Knowledge of the probability for producing fluorescence in a gas

'by photon bombardment is very valuable for many fields of physics.
“Although it is a secondary mechanism in the photoionization-process
‘ f]uorescence measurements can aid substantially in our'undersfanding
o% the photon-atom interaction process. For example, there is a
- Tack of detailed information'regarding repulsive states of molecular

ions. Feor a direct transition into a repulsive state the fragments

-may be in excited states, such as
| - N, + hv > N+ N* +e

> N+* + N+ e. '

Identification of the fluorescent wavelengths unique]& identifies the

_ process taking place. In the case of atoms’super excited states exist
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abave the lonization 'bhresrhold. Many of these states autoionize completely.
Sore do not, A guantitative measure of the fluorescence emitted glves
information about the competing processes, Some research has been done in this

area, ploneered primarily by Judge and his group £563.
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3. Ionization Potentials

The first jonization potentials of virtually all atoms up to
Z = 95 have been measured. The only exceptions are At, Fr, Th, Pa,
U, and Np. The ionizatioﬁ potentials have been tabulated by

[57], not only for the neutral atoms, but for jons in~ ~ higher

:-Modre
states of ionization. These values have been obtained from observed
optical spectra both in emission and absorption.

The binding energies of electrons in free atoms have been
tabulated by Lotz[58]. Although the data cover all the elements
up to Z = 108 many values are calculated, extrépo]ated,_or obtained
from elements in the solid state. Thus,.tée.dbéunacy of the binding
energies is less than that for ionization potentiais, which is typicé]ly
5 to 10 meV. Lotz estimates that the error in the worst case is no
more than 2 eV¥. With the advent of photﬁeiectron spectroscopy it is
expected that thisverrOr can be reduced. -
4 The mbst precise method for obtaining the ionization potential of
ékgas is the spectroscopic method. A series of Rydberg states must be
identified and the Timit of such a series gives the fonization potential.
For a molecule the energy of the series Timit, the so called "adiabatic"
ionization potential represents the energy between the ground state of

the molecule {with v" = 0 and J" = 0). And the speéific electronic state

of the ion (v' = 0 and J' = 0). The Rydberg formula is

T(n) = T (o0)~ 709737 3] w“’ (3.1)
(n-8Y
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where T(n) is the observed term value or wavenumber of the n th Rydberg

State. .f(w) is the limit of the series n»= and represents the removal

‘of an electron, that is, the ifonization potential of the molecule. The

quantity ¢ is called the quantum defect and represents the deviation of

the molecular Rydberg series from the ideal case of atomic hydrogen.

The constant 109737 cm-] is the Rydberg constant for an infiﬁite mass (Bw).
" The most precise value of this constant is given by Cohen and DuMpnd[5g]_\

as Ry = 109737.31 cn” .

=\
An extremely large compendium of molecular ionization potentials
and appearance potentials has been given by Frank]%n, et a]EGO].

Although spectroscopic values provide the most precise values

_ of the fonization potential large errors have been propogated in the
1iterature because an author will often take the wavelength of a series
limit expressed in electron vo]ts (in-the_or{§§naJ-pub]icatioﬁ)and
convert this value to a wavelength expressed in.angstroms. Unfﬁrtunate]y,
thehtonversion factor used in the original publication is generally
different. from that used by a later author to convert electron volts

- back to angstroms. In some cases an author may réport his results
“in e?ectrpn volts but omit recofﬁing his conversion factor. It is

"ﬁgrhaps useful then to tabulate the various values of this conversion
féctor as it has éppeared in the past {see Table 1).

It is not always'possible to idenfify Rydberg series in a molecular
absorption spectrum. For example, no such series hag yet been observed
leading -to the first ionization potential of 02. This is particularly
true’ for higher ionization potentials of more complex molecules. Where

- no spectroscopic values exist the technique of photoelectron spectroscopy

has provgﬂ extremely valuable in providing ionization potentials. Further,

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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this mefhod has. provided checks on the fea?ity of Rydberg series
limits., With only one exception, Rydberg series analyses have accurately
determined jonization potentials. The one exception is the a-series in

NUIGT]. Photoelectron spectra at many Qave]engths show only the 8 and

[62'65]. However, an fonization Timit near the a-series

vy-series limit

limit is obsérved apd presumably represents the limit of the Rydberg

series. A photoelectron spectrum of NO taken with radiation of 462 A

is shown in fig. 6 to illustrate this point. In addition, higher

jonization potentials are observed in this spectrum at 21.72 and 23.1 eV[65]
As mentioned above no Rydberg series has yet been identified leading

to the first ibnization potentia] of 02. With such a short-coming other

techniques must be chosen. For example, ionization potentials can be

'determined by. the cyclic method, namely,
1 (AB) = I (A) + D, (AB) < D, (AB"), (3.2)

where I (AB)-represents the first ionization potential of the molecule
AB, I (A) is the fonization potential of the atom A, Do (AB) and D, (AB+)
are the dissociation energies of the neutral molecule and of the ion,
respectively. This method requires accurate values of the dissociation
feﬁergies. The most accurate method to determine ionization potentials
iﬁ‘the absence of a Rydberg series analysis is that of photoelectron
spectroscopy. Figure 7 illustrates a portion of the photoélectron
spectrum of 02 taken w%th the NeI Tine at 736 R. Xenon gas is included
with the 02 to act as a calibration Tine. The doublet nature of the

XZH ionic sfate is clearly evident in egch vibrational peak. Figure 8

o
_illustrates the v = o photoelectron peak of 0, taken with 920 A radiation.

The photoelectiron energy resolution was about 8 meV. The position of the
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' ?Hy peak could be determined accurately with reference to the Xe
N 2 . .

calibration- Tine. By.analyzing the shape of the peak in terms of

. unresolved rotational lines the true ionization potential is seen

“to.lie 2 meV Tower’than the peak value, namely at 12.071 eV.
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4.. Photoionization of Molecules

Until recently, quantitative measurements on the photoionization- -
of molecules were concerned, primarily, with total photoionization cross
sections and jonization potentials. Certainly, qualitative measurements
had been carried out on fragmentation prncegsesfnﬂa . However, although .
_rthese results only gave lower limits to dissociative ionizatjon processes
they did reveal some of the channels available to photoionization. Within
the.last ten years dramatic strides have been made in accurate measure-
ments of the yibrational djstributions {Franck~Condon factors), electronic
transition probabilft?es,‘and dissociative fonization of a few moiecules.
ﬁ%§o; the role and identification of autoinniz?ﬁg states in molecules is
beginning to'be understood. This has all come about by a careful applica~
tion of the experimental techniqées described in Section 2. Although
each technigue is indispensable, the 1ates£ technique, namely, photoelectron
spectroscopy has proved to be extremely powerful. Without it, it is
nearly impossible to measure transition probabilities to vibrational and
-eiectrcnic states of the ion. ‘
Ten years ago very few molecular calculations existed on photo-
[66-69]

jonization . With the advent of good experimental data and advanced

theoretical methods more analyses are being made{7o'89]

. However, most
of tﬁese calculations concern molecular hydrogen.

To jf}ustrata our present knowledge of molecular photoionization some
specific molecules and meagurements will be discussed in the foilowing

“sections.
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4:1 H,

Surprisingly, very few measurements of the photoionization cross
sections of molecular hydrogen have been made. The pioneering measure-
ments of Wainfan et aTIg]l show considerable scatter and were made at
only a few discrete wavelengths between 480 and 804 E. More detailed
measurements were made by_book and Metzgef[gé] from threshold to 600 R
and by Samson and Cairns[83} from 209 to 452 K. Denne[84] extended the
measurements from 80 to 23-3. Recently, Samson and Ha@dad[Bs] have
measured the cross sectijons from threshold to 100 E withlan accuracy of
T three percent. Thése results are shown in fig. 9 along with the

(84] iy
. ‘Between 700 and 800 A a large number

experimental results of Denne
of abscrption and_autoionizing lines exist that mask the vibrational
steps in the photoionization spectrum. However; these steps ars estimated
from known Franck-Condon factors and the magimdﬁ cross .section at 700,3.
Because a discrete line source was used only a few of the autoioniziné
{ines are observed in this spectrum. For wgve1engths shorter than 700 K
the absorption is continuous.

The first siénificant calculations were made by Flannery and apik[70]
in the vicinity of the jonization threshold. - Compared with the data df
_ fig. 9 their calculated values at the maximum of the curve at 700 A are
about 17% high. Mofe sophisticated calculations by Ke]]y[77] are only
6% too high at 700 E when the dipole length form ig used in his calcula- .
tions. Over the entire range of his calculations (threshold to 406 E)
the experimental data are bounded by the dipole length and velocity
approximations. -

The most recent calculatijon and thé one that agrees most closely

1L75] (

with experiment is that by Martin et a see fig. 9). Their calcula-

Q
tion was based on the random phase approximation. At 700 A there is
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precise agresment with experiment, namely, 9.7 X Eszg'cmz. There
is exceT]ént agreement over the whole spectral range within ¥ seven
percent. However, this deviation is significant considering the absoiute .
error in the experimental data is quoted at * three percent.

The photoelectron spectrum of H, provides the vibrational intensity

distribution or Franck-Condon factors. To observe all the vibrational

" Tevels photon energies in excess of 18.1 eV are required. Usually the

584 A Hel line is used (21.22 e¥). A typical 584 A spectrum, taken with
30 mV resolution, is shown in fig. 10. Vibrational quanta up to v = 15

can be observed. Several such spectra have been reported in the litera-

[86~90]_

ture However, it is important to have a calibrated electron

energy analyzer to determine accurately the Franck-Candon factors over
such a large energy range. Tabie 2 gives the observed intensity distribu~

‘tion after the calibration has been apijﬁdggol.unHighernresthiionxneveais

" the rotational structure. Figure 11 shows a‘§pgctnum with a resolution

of 8 mV taken with the Nel 738 R Tine., Because a méﬁochromator was used
- O
the second Tine of Nel, namely the 744 A line, did not interfeve with the

spectrum. The rotational spectrum has also been obtained by ﬁsbrinkgsg}

- and by Niehaus and Ruf[91] using Undispersed Ne radiation. The rotational

" lines are seen more clearly in fig. 12 for the'v = 5 and 6 vibrational.

"Ttines. The Q-branch (aN = 0) dominates the transitions. The photo-

- -electron spectrum. verifies the rotational selection rule of AN-= 0 or 2

‘for the photojonization of H, as derived from analysis of Hy absorption

spectraigz]. Rotational selection rules have not been enunciated, in

general, for photoionization of molecules. Unforturately, the separation
.of rotational lines in most molecules {s too small to be cléarly resolved

in photoel®ctron spectra.

REPRODUCIBILUY OF THE
PRIGTVAL, DAGE I8 POOR!
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The vibrational intensity distribution should be practically insensitive
" to the energy of the exciting radiation, However, when transitions into the
- jonization contimmum vroceed via autoionizing transitions the normal Franck-Candon

factors do not hold. This is the case for the 735 & radiation.

Numerous absorption lines exist in H2 between 700 and 804 ﬂ but not all
of :hhem antoionize, Photolonization yield measuremgnts can determine the fraction
of photons absorbed by a line that will produce ions: However, the fate of HZ
can be further determined by observing the fluorescence produced by the non-auio-
ionizing lines. These absorption processes tend o cause dissociation of the
molét:u‘ie leaving one ztom of hydrogen exclted to radiate the Lyman alpha Iine
at 1216 £ [93, 9. |

.«}ésé -analysis has been applied to the photoioni'z_?.tion of HZ ESB s ‘95-1’()1].
This provides information on the fragmentation yxéc':éss and on auntolonization near
{hreshold, Considering first the study of the autolonlzing structurs, it would
sesm nnnacessa;ry to us:e :mass- analysis, especially.near the ionization threshold,
This is indeed irue, However, by using mass analysis any problem of impurity
‘ienmtion is eliminated, The most detailed study\ of the autoionizing structure
has ”neen carried out by Chupka and Berkowitz E98. 993 and by Chupka and Dehmex
{1003, E-Iirth a wavelength resolution of 0.04 to 0, 016 £ and a cont:n.nuum light
source g rotational structure was clearly resolved, Ordinary hydrogen and
-para~hydrogen were stuwdied, both at »:coom temperature and at ZPBQK, This allowed
~gocurate Adentif¥cation of rotational levels and Rydberg series. The most .etriking
observation is the weakness of the direct continmwm ionization in contrast to -

the asutoionizing structure, Some of the resulis. are yeproduced in figs., 13-15.

Figure 13 show the spectral region near
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- the ionization threshold of 803.7 E.' The Tower spgctrhm shows the
~ relative bhotoiqnization crqs§ section and the upper shows the relative
.n:tctal‘abscrgtien cross section.. Ionization appears bafore the threshold
. “betausg-a%fa'1cwering qfizha:$0nizaticn pctentié% by the P and Q branches.
:-fon transiiionS*sﬁarting from J_vaTugs > 0. ‘A more-extended -spectrum of
‘:’the relati#e:photdionfzaiion cross section is shown in Fig. 14 for
" ordinary Hé at 78°K. This eliminates rotational levels with J > 1 in
the graug@ state éf HZ and thus removes some of -the donization observed
- before the true threshold. However, because 1in ordinary H2~three;f0urths
. x-of thé moiécu{es are in odd levels (ortho~H2) and one-fourth in even
1évgis’(pa¥amﬂz) the transitions with d = 1 .are not eliminated and a.
“group of autojonizing lines are observed in the vicinity of 804 3‘ How-
-evgr,:when‘pure para-Hy is onized at 78°K as shown in Fig. 15, only
d ='Dzstatas_are available and the droupmnf;aﬂiﬁﬁbnizﬁng JineﬁﬂaiJSDEJﬁ
B disappéar,”c]early ﬁhdicatﬁng the origin of,tﬁe;effréﬁSitipnsl The detailed
'-ana¥yses‘af_the séructnre observed provides valuable and comp?iﬁeﬁtary’

" data to the absorption spectral analysis affNamibka{ﬁazl (1031

and Monfils
in theqsémé spectiral region.
BN ) Theggecand application of mass analysis to the photoionization of
“';“Eéiis thef;tudy of dissociative ionization. ‘Figure 16 gives the potential.
p ené;gy curves of Hz and H2+ iT?ustrating-the~Franek—Gondon'rag?on-cf
most.probable transitions. There is gﬁsmaJi;probaSility of«dﬁgsociétive
' {oqiggﬁibn occuring from the X %§§X(15qgé starting at about 18.0 eV.
However, higher photon ensrgies\are necassary to reach the repulsive
curves 2&: prsu) or ;KU'Canu). Typically, -the photon energy threshold
is > 30 eV for transitioqs into the.repulsive states. Direct measure- -
‘ments of " have been made by Browning and FryarﬁBB.'lofzwith a mass

spectrometer designed to collect the true ratio H+2Hé+l Over most of


http:inetat8.oA
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the photon energy range- up ~ to 30.5 eV the ratio was constant at
about two percent. At 30.5 eV the ratio increased rapidly to 5% as the
2ps,, channel opened up and at 304 A (40.8 eV) the ratio was 10.8% {101},
Although mass analysis unambiguously identifies that dissociative
jonization is taking place and also the magn%tude of dissociation it
does nqt'distinguish between transitions into the various repdﬁsive
" curves. After the initial photojonization occurs electrons and jons
of specific energies are emitted that are characteristic of the final
levels produced iﬁ the ion. Thus, the use of both photoelectron and
photoion spectroscopy can further identify the primary absorption
proceés. Both these techniques have been used at one or two wave-.

Iengths[104’105].

(1041 a5 obtained at 247 A. (50.2 &V)

The-photoelecfron spectrum
and clearly shows a new ionization channelﬁggenihgwyp;&i about 30 eV
in agreement with transitions into the 2pcu_§tate. “The spectfa éne
necessarily broad because of the continuous nature cf the repu?ﬁive
" states and details of transitions into higher lying repulsive curves
" are lost: .
\ The photoion curves[]os] have been deconvoluted and they suggest
) %H?t at 304 E transitions into the 2pg, and 2pnu states are about of
eqﬁél probability. Application of the téehnique of fluorescence '
spectroscopy at these high incident photon--energies.would be very '
valuable to further elucidate the photoionization procéss. For example,

transitions into the pru state should produce excited H atoms radiating

(=]
at 1216 A. This area remains to be investigated.
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Another type of dissociative ionization occurs in s;ama molecules, Namely,
the production of positive and negative lon pairs, This was first cbserved with
mass analysis by Morrison et al. [106} for mole;:ﬁlar icdine ard more recently by
MoCulloh: and Walker [107] and by Chupka et al, [108] for H,. MNeasuring the -
thresheld for ion-pair formation by the use of msss spectromeiry the. value of the
electron affinity of atomic hydrogen has been measured accurately, A value of
0.7542 eV was obtained in the photcionization -experiments in exgellent agreement

with the theoretical value of 0,.75421 eV [10531.

FPRODUCIRILITY OF THE
"gmeman PAGE IS POOR



4,2 Dissociative lonization

The dissociative ionization of H, has been discussed above under
the overall context of the photoionization of H2. However, the only
transitions ﬁossib]e in H2 to produce disgociativg ijonization are
transitions to repuisive states. In-this section the more general
aspect of dissociative ionization will be discussed wherein stable
electronic states may predissociate into jon fragments. The dissociative
ionization of €O, will be discussed in detail.

The Towest threshold for dissociative ionization of €0, is 19.071 eV.
This results in the formation of 0% (43) and CO{X 'z+9v = 0). An energy
level diagram of 602+ is shown in fig. 17 illustrating the relationship
of several dissociation Timits relative to the electronic states of 602+.

The first mass analysis study of the photdionizatioq of COz.was .

- carried out by Weissler gt Q]F24]

at several discrete emission lines

between 430 and 900 E. Both the 0" and c0' fragments were observed.

I*ior'e recently McCulloh Eiio] and Dibeler and Walkerfi11] have studied

the fragmentation with a continuum 1ight source (600.- 900 ﬁ). Fryar

and Browning{ga] héve reported data at 584 and 304 ﬁ and Van Brunt et al-fiizj
at 44, 9.9, and 8.2 A.

.- 1

i The continuum ionization results of Dibeler and Walker and of
Mcbu110h are shown in Figs; 18 and 19, respectively. In fig. 18 the
relative photojonization efficiency curve for the production of C02+
jons is shown from the ionjzation threshold down to 600 E. A Tlarge
number. of éutoionizing lines are observed that form Rydberg series'

-terminating on the various electronic states of tﬁe ion. In addition,
the appearance of 0+ ions are also shown. The fragmentation at threshold

can be more easily followed from fig. 19. A weak signal of 0" ions appears

at 19.07 eV. At higher energies the yield of oF fons is modulated with
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a Rydberg series leading up to thé C(zzg) state. Thus, the appearance

of fragmeht ot fons exactly at the dissociation Timit of C02+ must be
caused by an initial transition into high iying neutral Rydberg states
that.subsequently autoionize into dissociative continuﬁa yie]d{ng

0+(4S) + C0{v = o) fragments. The dashed levels in £ig. 17 represent
schematically these Rydberg states. Then precisely at 19.39 eV the yield -
“of 0+ ions dramatically increases. This s the threshold for production
of the C moiecu]ar ionic state. The interpretation of this sudden-
increase is that fhe orimary absorption process is a“direct ionization
inte the Towest vibrational level of the C(Zz;) state of C02+, which

is stable for a short period of time, then predissociation occcurs giving
0+ + C0 (v = o). The C-state is stable enough to produce a photoelectron
.spectrum. A spectrum.taken at 584 E is shown in £ig. 20. The predissociation
of the C-state was Ioﬁg suspected because no radiative transitions had ever
been observed from this state{l 13] However, prediﬁsociationvwa§- -
elegantly proved by a photoelectron - photoion coincidence expefimént i

" by Eiand%}ihj, who shéwed that the C-state completely predissociates.

He estimated that the ratio 0+/C{)2+ was 0.033. If the C-state completely
predissociates but still gives a'bhotoe?ectron spectrum then the photo-

. electron branch1ng ratio of this state can be equated to the total
fragmentatIOn ratio (0 + CO )/CO2 . We have recent]y obtained a value
of 0.047 for the C zzg branching rat1p[;15]. .

The most series ﬁrob]em in obtaining accurate ratios of the fragment
ions with mass spectrometers is that of discrimination of ions formed with
kinetic energy. So far very few measurement§ have been made of ion kinetic
energies. The mass spectrometers used by all of the references cited above,

with the €xception of Fryar and Browning, are likely to discriminate against
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: enengeyic ions. However, the frqgmentatibn of C02 by 584 R obtained
‘bg these authbrs are compared 1ﬁ‘Tab1e é along with data obtained by
:uindirect methods. E1aqdfs-ion kinetic energy measurements show that
’_the of ionS'havé‘an energy of about 0.2 eV, which is what is expected
if the'534 A radiation._produces*ﬂ+ through,predissociat?on.of the C-state
- and not directly from.a repulsive state.. From Table 3 it'woh1d appear .
“as i% the‘fragment:kinetic energies in this case are nat—causing:too

- much frouble.‘ The avénage-of the 584'R~measurements for 0+ﬁ602+

" 4.4% and .for (;0+/C02+ {{,is 1.7 percent. At 304 E ihe’fdtai‘fragmept

. ratio is 36% as obtajned by Fryar and Browning-and 34.2% as obtained
from our recent branching ratio:measurements. At the higher photon
.energies Van Brunt et al find a total fragmentatioﬁ ratio of 36% at

44 A, 50% at 9.9 R, and 53% at 8.8A. Without knowing the kinetic:

" energy of the fragménts producéa it is dﬁ?fjcu%f'EO‘aSSES if any losses
occured in their .mass spectrometer. Thus,-thesé high energy ratios can
Sé considered as Toﬁer limits.

Ag;we'have discussed above, dissociative ionization of Cozaproceeds
most strongly thrpdgh pnedissociatioﬁ of electronic states that lie above
the diéso;iation Timits rathér than by direet transitions into repulsive
_ ét?tes This ﬁay be a rather general phenomena. Danby and Eland[}iéj
show that the B Pg\state of 02 predissociates when 02 is ionized by
584 A " This is confirmed by photoion spectra [}1?, 11$L which indicate
tompiete predissociation of the B-state. In-addition, photoion spectra {}173

. Q
“taken at 304 A indicate: predissociation of the ¢ 4

£ state as well as the
.‘B-state.: Thus, it would appear that detailed mass analysis of photo-
jonized fragments could predict the possibility of electronic states of

an ion predissociating. A possibie prediction can be made for NO. In
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the ear1& mass analysis study made by Weissler et gl[24] N* fragments
were observed with a rafion Nf/NO+ of 5% with a very rapid‘onset at
21.8 eV. Later photoelectron spectra showed a new jonization level

in M0 at 21.7 eV'%). The threshold for the process
no(x Zm) - W3y + 0(3p)

is 21.03 eV. Thus, it would appear that no Nf is produced until the dissociative
channel at 21.7 eV opens up.

4.3 Multiple Ionization

Studies of multiple ionization of molecules have been made only
at wavelengths shorter than 44 ,?\@-12, 1191, -fhe melecules studied were
0,, Ny, NO, 60; and C0,. The absolute abundance of the parent ion
pro&uced at.these wavelengths was small. The”ﬁéﬁt majority of the
products were fragment jons. Although multiple ions were observed
the absolute‘nymbers initially formed‘ig hard to determine because
“of subsequent-dissociation of these jons. %able 4 1ists the abundance
obSErvea,for the singly and doub]y charged ions. According to theoretica}
ﬁreéiptions by Hurley and Mas1en[@20,121] the ground states of doubly
_—fépjzed Qz, N2, and NO are stable. Thus, observation of multiple
jonization could be expected.” No photoionization meééurements have
..been.reported yet near the threshold for double fonization, typically
between 30 and AO e¥. However, preliminary measurements in our laboratory
indicate that if double fonization occurs the popu]gtion of these states
must-be iesé than one or two percent. Several electron impact measurements
_have been made[§22,1é6j. A!1 measurements indicate a small percentage of

double jonization.



4.4 RBranching Ratios

The branching ratio ls deflined as the ratio of the ﬁumber of electrons Nj
ejected from a specific state j relative to the total number of electrons ejected
from all states, that is, the ratio'Nj/ZSHj. The partial cross sectiontsa is
. then obiained by ﬁultiplyiﬁg the branching ratio with the photolionizatlon cross

section Lsee eq. (2.1)1.

~ The determination of the mumber of electrons of a glven energy is clearly
the field of photoelectron spectroscopy. In this section we ﬁill describe its

application to identifying lons in specific states of excitation.

was given for 584 2 rediation

-
2

the spectrum is extended by using the 304 £ Yire of He II, Integrating the

In fig. 4 the photoslectron spectrum of 02

. showing the production of all allowed states of O, up to 21.2 eV, In fig, ‘21
.contribution of eachnvibmtional line wi%hin an elé;ztrenic state the hranching
ratios can be determined for direct transiltions into the continuum, The_ intensity
distribution of the vibrational levels within a given electronic state are seen

4o be similar for hotlft the 584 and 331#‘3 gspectra., They are also close to the
calculated Franck-Condon factors, This is fo be éxpected when the transitions

are &%;*e,tc{ﬁy into the continuum, Quilte differeat and unpredictable 'v;’orational

‘ distribu%ions are found when an ionic transition ]:).:Cﬂéeeds izi'rst into a high lying
(sz.éger ez&eited) state and then autoionizes into the continuum, This cccurs when
0, is ionized by the 736 & NeI line (see fig, 22).  Vibrational levels in the xzﬂg
ground state of the lon can be seen from v= 0 to v = 24, The varying intensity
of the vibrational envelope should provide :"inf_ormation about the ‘high lying neutral
state of E}z at 736 R. The branching ratios for the two accessible states in this
case aze XA (55.8%) and 2'N, (44, 29).
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Toﬂaccumula.te branching ratios for the various states of molecules photo-
electron spectra, such as those shown in figs. 4, 21, a.nd.' 22, must be taken as
a function of wavelength with carefully ca.li;brated electron energy' analyzers.
.In absorpiion ragionsjwﬁére there is ; great deal of structnre}continuum SOUTCESs
should be used, In other regions line sources are suitable. Few data have been
taken with a variable wavelength [127-129]. Recently,

K., €0 and CQ, have

Opr Ba» z

been studied using a line source, from their sonization threshold to 304 & [11s].

The resulits for GO are shown ;s an example;[iz?]. The branching ratios ars -
Alustrated in fig. 23 and compared with the electron impact data of Van der Weil
and‘Brion £1303»(under certain conditions electron impact experiments can simulate
photoionization datg, This technique will be discussed briefly iﬁ the next section).

‘The partial cross sections are shown in fig, 2i{(a) and-24(b) along with measurements

obizined from fluoresscent speciroscopy by Judge and Lgai{13£3ﬁ

-~

4,5 - Blectron Impact "Photoionizaticon”

A Jphoton? source of wvariable energy is simulated by observing the energy
loss of fast electrons that are scattered thrcugh a small angle after lonization
cf & gas, Vhen the resulting ions are charge analyved, and detected in cnlncldence
with the scattered electrons it.is p0531b1e to extract the relative optiecal os0111ator
strengths by applying the Born relation for electron scattering.at small momentum
transfersz This, in effect, simulates the total phat01onizatlon cross section
f132, 133}. If instead of detecting the ions the -ejected electrons-are energy
analyzed and detected in coincldence with the incident high energy electrons
{typlcally 10 kev)‘the result ls to simulate photoelectron spectroscopy and hence
obtain branchirg ratios for the various exclited states of the jons prcducai['130].

Finally, if the ions and photons emliied by the excited ions are detscted in

iriple colncidence with the primary electrons fluorescence spectroscopy is sinulated

{134,
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Hamnet et al, [135] have recently published the "photoelectron" branching
ratios'a.n&- partial "photoioniza:l‘jion“ cross sections for o and N2 by use of this
technique, ?hei.r results are ind excellent agreemer;t with those obtalned by a
- conventional photon source, The ;fmin a&van:hage of the eleetron impact ‘*op’ti.;:z‘nl“

source is that it é;mulates a contimun light souzxce and can readily be used at

high eaargies' without the necessary recourse to synchrotron radiation.



5, Photoionizatlon of atoms

The first mea%uremegts of photoionization date back to the 1920's [136-1417,
Quite naturally tﬁé first measurements were made with thé alkali metals because
thelr ionization potentials all-lie between 2500 and 3000 £. This is a straight-
forward spectral rggion in which to cpnduct measurements, However, serlous
problems a:isé_that hinder accurate photoionization cross section measurements,

" Because a2 furnace must be ﬁsed to vaporize the materials there is the problem of
maintaining a uniform pressure over the absorption‘path length and in de%ermininé
the end effects of the furnace on the path lengfh. In addition, one requires
accurate vapor pressure data to determine the number density of the atoms, Final-
1y; there is the problem that atomic and molecular species of the vapor exist
sinultaneously in the absorption cell.- Most of these problems have been con-
sidered by the various workers in the field [142-144], however, large error bars
remain in thé exﬁeiimental data making it difficult -for theory to decide on the

various approximationgthat Should or should not be included in a calculaiion,

After the basic %echniques of vacuum ultroviolet speciroscopy had been
devéloped for work below 1000 £a staré was made on the photoionization of the
 rare gases in the 1950's [145, 146), Since that period thg‘rare gases have been
studieé‘extensively.- Measurements have been made from 1.5 £ to the ionizatisn
threshold for Ne, Ar, Kr, and Xe, and from 44 £ to threshold for He. This work
has been reviewed up to 1966 by Samson {8]. Measurements of partial and total
cross sections, of»muitiple ionizaiion, and of the angular aistributions of -the
ejected photoelectrons have been made., This large body of experimental data
encouraged inore detalled +theoretical caleulations, It was soon clear that the
single electiron theory and imprecise wavefunctions were insufficient to explain
the experimental data in the low energy region near the pho£oionization threshold,

Modern calculations must consider the interaction of all the electrons within
|
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a shell and even should consider the corrélations effects bétween differént shells.
The many‘body calculations“have been making steady progress in the last ten years
with different approaches to the- problem by Amusia [1477, Kelly [1487, and Burke -
{149), Overall agreement with experiment has. been obtained within the 20% range,
However, the absclute accuracy of the experimental data is, in some cases, in the

i

region of f 5%. This allows theory to contrast the effect on the cross section

-

by ihcluding (or excluding) specific physical processes such as the polarization

of the atom as the ejected electron leave§'and core relaxation, etc,

Photoionization measurements on many of the elements are difficult mainly
because of the high temperatures needed to vaporize them. Where atomic beams
are used the resulting low number density along with low 1ight iﬁtensity create
difficulties, The problem of low light intensity is less severe qow;with the
availability of synchrotroa radiation, Progress, -hopever, ls being made with
the elements of lower melting points, such as, the alkaline earth metals, C4,

_ Zn, Hg, etc. and has been reviewed by Marr [£50]. Fewer -problems exist in ob-
taining photographic absorption spectra, particu;arly now that synchrotron rad- -
Jation is ava;lablé as a continuum background extending from the infrared down
into ?he x-réy region., OSpectra have been taken fér.nearly all the rare earths,
the haiides, and a few other selected atoms such as Be, Sr, U, Mn, Cu, Ag, and
Cr, Most of these atoms h;ve been studied in-the spectral region from 320 to
1000 R_[I5i] except the halide group, which covers the region 600 to 1500 £
{1521,

Quantitive measurements on the photoionization cross sections of a variety
of atoms with differént shell configuraéions_(closed shells, open shells, etc,)
is desirable to test the theoretical approximations, The rare gases, character-
ized by closed %hells, have been thoroughly investigated and are, at present,

the best group to compare with theofy, Pigure 25 presents a summary of the
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cross sections for the rare gases, In the following sections two representitive
atoms are chosen, namely, He and Xe to illustrate the progress that has been

made both in theory and in experiment,

5.1, Helium

The photoioniza’cioh cross sections of He were first measured néar thre-
shold by Lee and Weissler in 1955 [153]. Since th:a,t time numerous measure-
ments have been made ]_'_154-159] includi'ng 'a.n evaluation made by the electron
energy loss- technique {1607, The precision of the mea.sur;amen'bs has been im-
proving, However, systematic errors are always of .concern and are more dif-
fieult to evaluate. Nevertheless, agreement between seve;ral research groups
.2re within ¥ 5 percent of each other, F-igure 26, illu:stra.tes ou¥ latest and
unpublished results between 100 and 504 R. The absolute .accuracy of these re- -
sults are estimated to be within T _‘3%5-: i At 206_-& «and below,resonance .series ap-

pear caused by two eleciron excitations l;ea.ding ':t.o .the . production of Het
{h=2,3...) [1613. The present experiméﬁtal data -were obtained with a .
source of disc.zre't:e emission lines and hence do not give the actual cross sec-
ti:m}s within "t‘hé resonances, This has been determined by Madden and Codling
{16.15] Psing synchrotron radiation as a continuum I;ackground. Their results
are sh;mn in fig, 27 as the continuousline, The present results are shown by
the a-isérete data points, Almost precise agreement is obtaired although the
tecgmiqu;as used were ¥astly different (photographic vs double ion chamber),
.A,de':taiiled .theory for the profiles of these 'a_.u:toidr;izing transitions has been

given by Fano {i62].

No.definitive calculation of the. photoionization cross section of He has
yet been made, Many calculations have been made each taking into account spe-
cific approximalions for the continuum wave functions L {47, 163-168], In all

cases correlations between the two electrons have been taken into acecount to

" REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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sone degree. Several of the calculat;ons lie within the experimental error bars,
especially at i:hresholl.yd. * A summayy of some of the theoretical cross sections

is shown in fig, 28, Two enclosed areas are shown, the lower one represents the
dipole length (DL) and dipole veloelty (DY) limits of the Hartree-Fock calcula-
tions of Stewart and Webb!:163jl The upper area represents the DV and DL limits
of Bell and Kingston's calcula.tion[165 ]. The dashed curve with the;‘ data points
is the present experimental curve (sﬁe fig, 26), Not shown in the figure are

the theoretical curves of Burke and McVicar[ 164 ], which have a very small

spread between the DL énd DV approximstions and lie wholly within the lower area .
curve of Stewart and Webb. Also not shown in the figure are the RFPAE data of

Amisia, They are in excellent agreement with experiment near threshold, How-

éver, they tend 1o deviate at about 400 £ and are about 10% higher than experiment

at 300 R; which is well outszide of the experimentg.l accuracy in this region. The
T&%.treatmént of Wendin appéars to give excellent reésults except in the immediate
vicinity of threshold, All of the calculations appear to lie within i‘ll% of the
experimental data at 21l wavelengths, However, ii seems desirable a’l‘.‘ this point

1o mzke a more accurate calculatiion of the photoicnization of helium to assess

- .the importance. of some of the approximations,

L+
i

There is now general agreement between the theoretical and experimental
pha%oicﬁizaticn‘cross sections for all of the rare gases, (This is particularly
true of the ploneering calculations in the Ran@om Phase approximation used by
Amusia and colleégues[ 1471 To illustrate ‘the progress thai has been made in
understanding the specific photoionization processes that can take place in a

many electron aiom we have chosen xenon as.an example’ to discuss in detail,

*

5.2, Xenon
Figure 29 hlustrates the experimental total absorption cross sectlon of

xenon as & function of wavelength from the lonization threshold down to a few

‘Rngstrom units, Only the contimuum cross sections are shown with the ‘exception
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antolonizing
of one datum point that coincided with a window typixfesonance. In general,

there are numerous autolonizing lines that lie at wavelengtihsshorter then 600 X.
. &n extenslve tabulatlon of the position of these lines hﬁé been given by Codling
and Madden [169], Of interest is how the photon energy is sharsd when several

channels are open to photoionization and also the explanationrgiven by theory of

the interaction prdce$s.

ggi;ﬁiations based on the single particle approximation show no agreement
with experiment, Howévg;, calculations that inciude the interaction between
the cut-going electron and the remaining electrons within the shell show im-
nedjately good agreement with-experiment. Calculations by Wendin {1701 are
shown in fig, 30 for both the single particle approximation and the random
phase‘ﬁpproximation-involving electron Gorrelatiéns. There 'is very good agree-
nent with expeximent 181, Better agreement-is to be expected if the ocut-going
electiron 1s correlated with the electrons in the 53 and #d shells., Amusia
11471 has shown that such intershell correlations can be very important as dis-

cussed below,

In the vicinity of 52 £ it is possible to eject an outer s-shell electron
fron xenon. The single particle approximation predicts an almost.zero s-shell
cxosé éﬁgiion at this thresheld, However, experimentally 1t -is a2 maximum at
thxeshoi& and decreases to a minimum at higher photon eﬁérgies 71, 172]. By
qansidefing the <interaction of the~5p6 and ﬁdio electrons on thé s-shell -elecw
trons Amusia éhowe& that theory indeed agrees with experiment, Figure 31 shows

his theoretical curves for the single particle medel, the RPAE model with 4d10

10 anciSjg6 intershell

Iintershell 1nteraetion, and the RPAE model with both the &d
1ntgraction. The data polints are experimental data [1?1, 1?é]. There is dramatic
agreement between theory and experiment only sfter the inte%action is considered

- hetueen hnth neichhoring shells. At hisher vhoton energies, theory predicts a
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rise in the s~shell cross section in the energy renge where d-shell electrons
can be ejectéd. Figure 29 shows the extremely large total cross section assoei~
ated with d-shell electron ejection, In fig, 32 Amusia's calculation of this

‘ total cross sec£ion is shown along with experimental data {1731, Good overall

- agreement exists between the data but discrepencies exist in some details, Nob-
ably, the theoretical maximum appears to be tco high and the onset of the broad
a§sorption peak is shifted o shorter wavelengths, RPAE caleulatlons by Wendin '
[T7:1 produce similar results except there is better agreement at the- maximum
and he has shown that by including core relaxation’ there iesuits in a shift of
;he low energy part of the 4d shell absorption cross sectlon towards lowexr
energies, But whal are the specific processes that iake place within this

. broad resonance? By the use of photoelectron spectroscopy the partial cross sec-
tions for ejection of s, p, and d-shell elecirons can be determined, This has
been done by West et al [175} and their results are E;produced in fig, 33, As
can be seen from the figure both the s and p-shell. electrons show an increaée

in croés section in this energy range rather then continuing their monotonic
&ecrease in cross section? Although the amount of increase is less than theory
predicts, especially fortthe ge-shell electrons, neverthale;s it is cleatr évi—
dence of the influence of the d-shell on the probability of photolonization from
the g'an? p-shells, Further experimental evidence comes from the electron im-
pact method of "photolonization™(see section 4,5), Here the results of Van der
Wiel and Wight [(176] give the partial cross sections of éhe 5p§ electrons across
the 44 resonance, Their results are in substantial agreement with those of

¥est et al.

Finally, further studies of the specific photolonization processes taking
place within the 4d resonance reveals that multiple lonization compeies with
the other processes (177-179}, This is itrue particularly near the threshold

for double ionization where a single photon ejects two electrons simultaneously)
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vwhereas, at higher photon energles Auger processes take place afier the ejectlon

of a d-shell primary electron, This will be discussed briefly below,

5.3. Mudtiple lonization

Wiken méasuring the partial photoionization cross sectlons care must be
taken €5 lnsure that an'interaction is not considered twice, A problem can
present itself in the case of multiple ionization.. For example, when a 44 elec-
tron is ejected from xenon there is a-hiéh probability that as the ion relaxes
an Auéer electron will be ejected, This leaves a doubly charged ion, If the
process is belng studied with a mass spectrometer there is no way of knowing
whether &two 5p6 electrons were ejected or whether an Auger process took place.
‘Once - Auzer processes are possible one needs to use photoelectron spectroscopx
to sort cut the various processes, This can be difficult because_in a direct
double ignization process the two electrons ejected will share .their energy and
a rather broad continuum of energles is produced:‘ This -continuum can be dif-
ficult to observe in the presence of a scatt;red electron background, There
is, of course, no difficulty in cbserving the Auger electrons and identifying
that prasess (#80J. 1If the photon energy is less than the 4d lonization thre-

sho}dlthen there is no ambigﬁity in the m;ss spec%rometer,results and ifrue par-

tial cross section can be obtalned,

i

Inithe rare gases the production of multiple lonization is surprisingly
large, For xenon, near the 4d threshold, 43% of the ions produced are doubly
charged and in krypton 287 are doubly charged (178}, In fiés. 34 and 35 the
results of several authors for the ratio of double to single ionization is shown
for He and Ar, respectively. Previously, thére had been 'a disagreement between
photon impact resulis and the electron impact "photoioniéation“ technique,
espec£ally for Ye, Ne, and Ar [181], This problem has now been resolved by mod-

ification of the electron impact exferiments [182]. The earlier electron im-
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pact data fﬁr multiple ionization of Kr a#d Xe [183] was. in better agreement
with the photoionization results than the authors realized, They had erroneously
assumed that the photoionization datal 8] measured the total charge produced
rather than the total absorption cross section.as was measured in their exper-

iment, Thus, all discrepencies between the two methods appear to be resolved,

. Few calculationgof multiple ionization in the'threshold region have been
mede, To date seme ;alculations have been pexformed for He [184-186] and for
Xe [18?, 188]. So far there is poor agreement between tpéory and experiment
for He. However, the Many Body Perturbation Theory approach used by Chang and
Poe for Ne is in good agreement with the experimental data, A comparison of
the theoretical and experimental resultis is shown in figg 36, The theoretical
results take into account core rearrangement, ground siaie.corxgl%tions withiﬂ :
the 2p-shell and between the 25 and 2p-shells, virtual Auger transitions, and
inelastic dinternal collisions, Refinements in tﬁe-theory'still appear necessary
to take into account the small discrepency b;tween theory and experiment near

the maximum of the curve, The various experimental data are all in excellent

agreement in this region[1?8,21?9,1823.

-~

" Multiple photoionization of atoms may be quite a probable event, The
fa;t %hét very éew observations of multiple lonization have been reported is
}probablf-caused by a lack of research in this érea. Mass spectroscopy or
photoelectron spectroscopy téchniques must be used with the appropriate photon
energy. Few atoms can be doubly lonized with the popular Séh 8 line (21.2 eV)
used in photoelectron spectroscopy, To use more energetic photons requires a
" more elaborate experimental arrangement, consisting of vacuum monochromators

and spark light sources or synchrotron radiation. However, this is not neces-

sary for barium, which has a single ionization threshold at 5,2 eV and a double
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ionization th¥eshold at 15,2 eV, . Brehm and Buckner [189] studied the ioniza-
tion of barium with a mass spectrometer and undispersed radiation from a He re-
sonance lamp (21.2 eV photons) and a Ne resonance source-(lé,? and 16,9 eV
photons), They obtained the stér&ling result.that the ratio of Baﬁ*jba* was
2.4 with the He-sourcé aﬁa only 0,25 with the Ne source, Subsequently, Brehm
and HOfler and othérs [190-192] studied Ba with a photoelectron spectrometer.
No continuum electrons were observed, However, Hotop and Mahr {191] observed
Auéer electrons ‘indicating the presence of double ilonization., The photoelectron.
spectrum of Ba at 584 Xlis complicated., A large number of peaks can be explained
by Ba+ being formed in excited states. The entire spectrum is, however, not
tjﬁical in the sense that the interaction of the 584 b photon with Ba does not
simply prodﬁce jonization directly into the continuvum, Instead,.as can be seen
from photographic aﬁsorption spectra {;51]-the 58% R 1ine falls on a 1a¥ge dis-
crete abéorption peak, The classification of fh@s lihe is unknown at present
but clearly autoionization occurs and is responsible for the complex spectrum
and abnormally lafge quantity of B;++. Furtﬂer studies of Ba++ need to be made

as a function of wavelength,

The only other siudy of double photoionization was made: by Parr and Inghran
. for xéterhium (1931, They studied the threshold behavior of double ionization
for about 3 eV .above the onset (18.35 eV}, They found that the ionization
efficieﬁcy inereased linearly with photon energy, which agrees with the more
recent results obtained with the rére gases [178l. A singfe measurement of the
double lonization of ytterbium at 584 2 yielded a ratio of 5.2% for Yb++ relative

to Yo',
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6. ‘Specialized photoionization

-

This 1is the area-where the target gases are not in - stable
states, For eiample, atoms in exeited states, positive or negative lon, and atoms
" or free radi;alé like atomic oxygen and OH radicals, etc, Because of the problems
in producing these species littlg research has been accomplished in “this area,

Yet there.are strong motives to obtain results. Déta are needed;farAstrophysics,
upper ‘atmosphere studies, plasma physies, and to aid theory in understanding the
mechanisms of the'photdn interaction with the atomic eleqtrons and the interaction

of ‘the out-going electron with the residual ioa,

A brief description is given below of the present progress in photoionization

of unstable species;

4.1 . Positive and negative ions

- A few theoretical calculations have heen,mad;.on the photoionization cross
.sections. 6f posivive and negative atomic iong 1109, .164-1987], Because many .of these
calculations have not included the effects of eleciron correlatioﬁ the results must
e suspect. In the case of He' an exact calculation is possible and Bates [195]
épotes the cfoss section at the ionization threshold.as 1,6 x 10~ B en2, No ex-
pgrimental verifications egist. In fact no data have been obtained on the experi-
mentél éross sections of positive ions with the exception of Xet, Cairns and .

Welssler [I99] obtained the cross section of %et at the single wavelength of 555 &

.and quoted a value of, approximately, 16 X iO'iE;émz.

The ionization threshold for most positive ions lies above 15 eV and, there-
.fbfe, the vacuum uv spectral region must be used, In contrast, most negati%e lons
can be ionized with photons of energy less than 2 eV, This is particularly advan-
tageous because‘of the availability of lasers in this spectral reglon. Consequently,

considerable progress has been made in the stﬁdy of negative. lons,
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Photoionization of negative Jons 1s generally called photodetachment.

Photodetachment studies were first introduced by Branscomb and Fite [200] in

1954 .using carbon arc light sources, The results obtained with these techniques
have been reviewed up to the 1960's by Branscomb [261] and Smith [202]. The main
results obtained were the photodetachment cross sectiong and electron offinities
of H™ [203], 0~ [2047, and 0,~ [205]. The photodetachment crosé seeéions of O~

are particularly important because practically all subsequent measurements are

relative and many are put on an absolute basis by comparison with the 0 data,

_ From about- 1967 lasérs have been used frequently to‘study photodetachment
[206—215]. One of the most important applications of lasers to this field is in
photoelectron spectroscopy. A negative lon beam is irradiated with a fixed laser
frequency and the resiuting photoelectrons are energy analyéed. Thus, the electron
affinity of the atom or molecule is obiained 1mmed1at1y with a hiéh degree of ac~

curacy. In addition, tumable lasers have been invaluable in the study of vhoto-

detachment relative cross sections in the viéinity of threshold,

To date, studies have been made on the negative ions of_O, 65, CD, OH, H,.C,
CH’ NH' 'RHz, Noz’ SOZ’ 82’ S’ Si’ Si}’{, Sin, Ili, Na, K, Ii.bg CS’ AI‘, He’ Au. P‘t’,
Ag, and I, However, all measurements ﬁhvg been -made within a few eV from the ion-

* ization threshold, No measurements lave yet been performed in the vacuum uv reglon,

6,2 Excited states

Again, the availability of lasers has made it practical to study the photo-
lonization of atoms in excited states, Stebbings et g;.[éié] have measured
the photoionization cross sections of metastable He and Ar nzar threshold, Gallagher
and York {217] have studied metastable Ba, and Bradley et al [218] have investigated
autoionization 2? excited Ba and Mg, The only non-laser studies have been those

by Nygaardugifga,[219] who photoionized the excited 6 2-P-sta.tes of Gs by-use of
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From-the theoretical side most interest ha.s cen’t.ere& arourd He,. Tﬁe earliest,

.caleulations were ca.rried cut by Goldberg in 1939 EEEG] for transitions from the

1,

2 'S and 2‘38 metastable' states of helium into the ground state of He . More

. recenily, numerous caleulations have been carried out [2”21—22?]3', not only for tran-
sitions into the 1s state of He* but alse into the 2s and 2p states of the ilon,
The ea.}_cula:ticns by Jacohs £22’?3 pre&ic't the resonznce features in the cross section

18 state into the (2=, 2p) P state between 350 and. 365 8,

i‘or trans:‘ﬁ:ions from ’c.be 2

. The xesdnaa}ce‘is ,asymme‘tric and similar to that obtalned by Madden and Codling iiéi}

‘ for-‘g:round state heliim atoms at 206 £, The experimental results of Stebbings et -

.al, C216] ornly eovered‘ the thresheld region (2500 o 31008), However, their re--
sults are in good agreement with theory and esta.blish a threahold cross section

18 onl

for the He (2. f’i)_",*%state of approximately, 9.5 x 10 - cm”, The He (2 3 S)-—.bHe eross

section is about.$,5 x 10 -1801&2. . -

The production -of noleculas excited states in large quantities is somewhat
easier than in .a::ﬁoms.- Thus, —the photoionization of the lowest excited state of
molec;xiar oxygen, the _02 (1Ag) st;.te, was figst‘obtfz.ined by Cairns and Samson
f228:] by; ﬁe use of 'coz"w'en'tional vacuum uv light sources, The O2 (1A) was produced

with a 10% concentration by a mlerowave discharge in a mixture of 0. + He, Thé

2

‘ vacuum «uv:fahsorpﬁi'on‘ spectrum has been obtained by Huffman et al, ['2293 and the
photolonization -cross sgctions near threshold have been measured by Clark & Wayne

“: &29&8.)3.. The photoeslectron spectrm; of {32‘ IQ has been obtained by Jonathan and
co-workers [230-232], - Dyke et a1, [233] have studied the B, B, spectrum of vibration-
ally "exciﬁed.Hg and Ng‘

6.3 Free radicals

Under this heading we consider briefly transient spleces other than those
“descELbed "in the Tast two sections, h

“PESBably the best technique for studylng iransient species is that of nhataw
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electron spectroscopy. In 1970 Jonathan and colleagues published the_first photo- _
electron spectrum of N, 0, and H [234]. All these species were froduced in.small
quantities in the presence of the parent molecular specie;. Since that beginning-
several transient species have been studied [éé5-243], for example, CHB’ S0, Cs,

- etc. and the progress in this area has been reviewed by Frost [2447] up to 1974.
Figure 37 shows .the 584 E ?. E. spectrum of discharged 02 élearly revealing the
épgctrum of atomic oxygen [243]. The relative transition probabilities can be
obtained fbr.transitions into the varicus excited states of the ion provided that
the eleciron energy.analyzer has been calibrated for the iransmission of electrons
as a function of their kinetic energies, This is the case fdr‘the spectrum shown

if fig. 37. Excellent agreement is obtained with theory at this wavélength [2&5].

Many elements are not in the vapor pﬁase at Qoom temperature, Thus, a high
temperature source is required to produce the desirgd-vapo?s, However, an element
likg atomié sulpher is not readily formed when sdiid sulpher is vaporized unless
the temperature 1s-extremely high, Berko%itz and co-workers [246-247] formed S,, -
S3' Sﬁ’ 36’ aﬁd S8 by heatiﬁg mercury sulphide and studying the photolonization
products with a mass spectrometér and more recently tﬁey.have obtained a photo-

) electrPn spectrum of SZ (2483, Dyke éz al, [zhzthave also obtained a P, E, spectrum
by simfly vaporizing flowers of sulpher to a temperature of approximately 606 K,

No specgrum of atomic S was obtained., The results of Dyke et al. are shown in

-fig, 38..

’Berkowitz‘and co-workers have made a contimuing study of high-temperature
mo%ecular vapors [248-253] . Figurs 39 shows the results of the 584 g p, E. spectrum’
of Cs I [250]. The 2?7;/2’ 3/2 states, caused by spin-orbit coupling, are clearly
seen in the 7 to 9 eV region of the spectrum. However, vibrational structure is

-

not resolved,
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7. Photoelectron angular distribution

The direction in which a photoelectron is ejected from an atom or m%ecule,
with respect to the direction of the Incldent photon, is influenced by thé orbital
angular momeﬁtuﬁ of the electiron, the. space orientation of the atom or molecule,
the excess energy between the photon energy and the orbital binding enérgy of the
electiron, and on.the degree of polarization of the.ionizing radiation, Taking
a1 these factors into account and usiﬁg iinearly polarized radiation, the angu-

lar distribution of photoelectrons ejected from atoms, randomly oriented, is

described by the differential cross section [25%, 2551,

O%S = 4‘%} L f-i-ﬁi:(w:@}], . (7.1)

where‘-o"j is the photoionization cross section for ejection of an electron from the
jth orbita.lva is the asymmétry parameter, and P, (cos®) is the second order Legendre

- -

polynomial given by,

g _ -
/;')(cwe?) = 34 e ~ % 7.2)

Qis the angle between t?le electric vector and '{;hle direction ‘of the incident light,
Tully et al. [ 2561 have shown that eq. [(7.1) also ‘holds for randomly oriented
molecuive:s in the- electric-dipole approximation, Samson [50-—52] has géneralized
eq. (7.1) for ionizing radiation of any‘ degree 'of polarization (including ellipti-

-cally polarized radiation), namely,

da _ _ 3 ‘_ '-:.' - }
395:7;. - %{/é[l _:,Coo%(lﬂb) 3 Co:% (1 ;b)] ; (7.3)

where, p is the degree of polarization of the incident light and the angles Qx
a.nd@y are defined in fig. 5. The degree of polarization p is related to g 1n eq.

(2.8) as follows; p = (g ~ 1)/(g +1).

C;’;’ One of the important reasons for measuring the asymmetry parameter ﬁlis to
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Jook for deviations from the thgoretica.l values predicted by the one-electron ap-
proxima.tipn. Deviations are expected when electron correla.tidns'are important,

DI1l et al. E25?J have shown that for most ppen-—shell a,to.ms /.3 i1s further influenced
by anisotropic electron-ion interactions. _I)iil E.2583 has also shown that the photo-
electron'angumr distribuf;ion should show pronounced variations withenergy across
auttolonizing resonancés. The prediction applies to both atomic and molecular auto-
ionization, Finally, I'Eans;JnE259J has shown that oscillations in ﬁ are expected

as a function of the-electron kinetic energy. .

From the above discussipn it is obvious that theﬂ -parameter should be measured
as a function of the photoeleciron energy (and k;ence as a2 function of the lonizing
-wavelengfch). While measurements of_‘ﬁ have been made for numerous molecules at the
single wavelength of 58&3 f 260-2623 there have heén no measu':cemen'ts made to date
as a func:bion of wavelength, For atoms the situatior.l_ is different, Numerous mea-
surements have been made at -a. few discrete wa,velehg‘ths, including the 5842 line,
However, for comparison with theory the most significant measurements have been
made with continuum radiation producing electrons. with energies bhetween ¢ and 70
eV from the rare gases f263-2?0]. These results clearly show the variation of
p with electron energy. The recent work of Houlgate et gj._. { 266, 2681 verifies
}!ansori"'s: prediction that osciljations in/?, are to be expected, The data of Houlgate
et al, for argon are shown in fig. 40, The 'solid curves are the single=electron
Hartree-Fock length and velocity (HF-L and HF-V) calculations of Kennedy and.Manson
{271, The dashed curve is the RPAE calculations of Amusia e_’gﬁ[ 2723, which
includes electron correlation effects in the ground and exci:ted'ste_ttes. Both cal-
culations p-redict oscillations as a function of photoelectroﬁ energy. However,
the RPAE calculation, which agrees more closely with experiment, shows the import-

ance of including electron correlation 'effects. The oscillations in/$ have also

been seen by use of the electron impact "photoionization™ teqimique [ 273, -2?4].
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The prediction of D111£;2583 that the photoelectron angnlar distribution

‘ éhould show escillations(acrnss discrete autaicﬁizing resonances has been verlfied .
by Samson and Gaxdner [ 2757 for xenon in the wavelength range of 950 to 1020 &

‘that is, between the zPi/z, 3/2 ionization thresholds, The experimental resulis
and theoretical predictions are shown in fig, 41, Neasurements oﬁ/@ across resonan?
structures provide a new and inéependent method to probe atomic and molecular

dynamics,
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8, Discussion.

— Most of the basic tools -fo:r: studying the photoionization of atoms and mole-
cules have now been developed, Undoubte;liy, the future wilEL provide more so-
phisticated instrumentation and techniques, However, the present techniques allow
us to measure, quantitatively, all the specific photon absorption processes., For
exam_ple, single and multiple phétoionization, dissociative ionization, and the
partial 'yhotoionization cross sections for producing -specific-electronic -and
vibrational statés. The application of photcelectron spel::troscopy to this field
has been mainly responsible for the accumulation of relic;a.ble and.accurate partial

cross sections,

The accuracy of the experimental data is now sufficiently good that mean-
ingful comparisons can be made with the various theoretical approrimations., In
general, theory has not been able to predict molecular photoicnization cross sections

-

reliably, However, theory has been making sqbstantia.l progress with atoms, Its
progress %o date clearly indicates the collective nature of the bounri elecﬁ-ons
and the mecessity for using the various aspects of the -many body theory. HOW&VEI",
to aid tkeory in evaluating the importance of different approximations it is de-
sirable %o o'gﬁain' experimental resuliscon atoms of various types and in various
conditions, For example, photoionization measurements should be made on-selective
open'- amiql'closed shell atoms, on atoms in excited states, and on ions, Because of"
the problems involved in producing atoms normally in the solid state at room tem-

perature mest experimental work has been involved with closed shell atoms, that

is ,— the rare ga.seé..
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ANGSTROMS AS REPORTED SINCE 1929

Vl_(ev 3) Year Reference
12336.1 + 5.00 1929 a
12395.4 + 2.10 1941 b
12397.80 + 0.50 - 1953 c
12397.67 + 0.22 1955 .d

*12398.10 + 0.13 . 1965 e
. T

12398.54 + 0.04 1969

{a) R. T. Birge, Revs. Mod. Phys. 1 (1929} 1.
(b} R. T. Birge, Revs. Mod. Phys. 13 (1943) 233.
(c) J. W. M. DuMond and E. R. Cohen, Revs. Mod;ﬂﬁays. 25 (1953) 691.
(d) E.R. Cohen, J. W. M. Dubond, T. W. Layton and J. S. Rollet,

Rev. Mod..Phys. 27 (1955) 363.
(e) E. R. Cohen and q..w. M. DuMond, Revs. Mod. Phys. 37 (1965) 537..
(f) B. H. Tayior; W. H. Parker, and D. N. Langenberg, Revys. Mod.
Phys. 41 (1969) 375.

\
\
-
|}
‘.
11

*This is the value currently recommeﬁded by the National Acédemy of

Sciences - National Research Council.
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Table 2

OBSERVED AND CALCULATED VIBRATIUNAL DISTRIBUTIONS

Experiment "~ Theory

v? (a) (b) Case B Case C -
0 44.8+0.9 46.3 46.8 44.6
1 92.2¢ 0.7 86.3 87.4 85.3
2 100.0+1.1 100.0 100.0 100.0
3 96.9+1.2 88.4 91.8 94.0
4 71.340.9 70.0 74.8 - 78.3
5 57.2+0.8 57.9 56.9 60.8
6 42.3+0.5 47.2 41.6 45.4
7 30.8+0.5 31.3 29,8- 33.0
8 20.8+0.4 24.1 1.2 23.8
9 13.240.3 137 15.0 17.0
10 8.9+0,2 N— 10.6 12,2
11 - 5.8+0.1 ——— cm—- L e
12 3.940.1 L= 5.4 6.3
13 - 2.430.1 — R~ o
14 1.5+0.1 —— 2.7 3.2
15 0.540.1 S - c——

a. J. L. Gardner and J. A. R. Samson, J. Electron Spectrosc. 8 (1976) 123,
b. J. Berkowitz and R. Spohr, J. Electron Spectrosc. 2 (1973) 143,
c. Y. Itikawa, J. Electron Spectrosc, 2 (1973) 125,
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Table 3

0
FRAGMENTATION RATIOS FOR coz AT 584 A

Reference 0*/ca, co*/co} ' (0*+ca’ycoy
Aeisster et al. . 0,064 0,022 0.086
Bhibeter and Walker 0.040 0.010 0.050
cFryar and Browing . 0.039 0.018 0.057
ducCutioh " 0.018% 0.008% . 0.022%

e : . '

Eland 0.033.  ‘emmm=  emee
fSamson and Gardner = e=mma =ese- 02050

*These ‘measurements were made at 625 E and aré expected to be about 30%
Tower than data-at 584 R. L 241

a. ref. [é4]

b. ref. [107]

c. ref. [331

d.- ref. [106]

e. ref. (110]

f. ref. [111]
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Table 4

TOTAL ABUNDANCES OF SINGLE AND-DOUBLE CHARGED MOLECULAR IONS OBSERVED
BY MASS SPECTROSCOPY

o S ¢ i
Gas o a® 133 82 AW

(%) (%) E (%)

No* 21.0- 5.6 0.7
Ho'2 3.2 2.3 2.1

+

. €0 22.0 5.0 0.6
cot? 0.4 0.8 0.3
coy, - - 18.0 5.4 _ 6.8
coy” 0.8 1 - 13

" a. ref. [108]
b, vref. {114]



=73=

Figure Capt'ions

1, Double ion chamber absorption cell, The exit slit of the monochromator is
held at the same potential as the repeller electrode. A grounded gua.rci
electrode at-the end of the ion chamber provides a uniform field at the
end of the second collector electrode., Thus, all the ions formed under

a given electrode will be collected by that electrode (Samson, ref. 8).

© 2, Vacuum monochromator and mass spectometer. 4, eleciron multiplier ion
detector; 5, photomultiplier radiation moni'toz.:; C, ion beam; D, G, I, O,
to pumping systems; ®, lon chamber; ¥, permanent magnet; H, monochromator
_eﬁt»sl-it; Jy 1ight souice; XK, monochromator En.tra.nce slit; L, grating
turntable; M, grating; N, Seya type vacuum monochromator (Weissler, et al,
ref, 2‘#).— - .

3. Schematic cross section of a cylindrical mirror electron energy analyzer,
A,:inner cylinder; B, collimating siit; C, D, retarding slits;.E, boron
nitride insulator; F, photocathode; G, collimating slit; H, detector; I,

‘outer cylinder,

L, The:584% 2 photoelectron spectrum of C, showing count rate vs ionlzation

2
potential.

5. Orientation of the photoelectron with respect to the x, y, and z-axes,

The photon'-g_‘i is Incldent along the z-axis, The azimuthal angle of the

-~

photoelectron with respect to -the x-axis is @ ,
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The 462 8 (26,84 eV) photoelectron spectrum of NO. The labeled arrows
represent Ionization potentials obtained sﬁectroscozaiea:]:ly. Wew ionization

potentials are shown at 21.72 and 23.1 eV (Samson, ref. 65).

The 736 & (Nel) photoelectron spectrum of 0, The first seven vibrational

bands are shown, including the Xe doublet 2?1 /2, 3/2 used for calibrating
»

the energy scale, Vibrational bands of the ground state of o contimue

2
to v/ = 24, Analyzer resolution was 9 meV {Bamson -and ‘Gardner, ref, 652).

The 920 & (AxII) photoelectron spectrum of the v! = 0 band of OZ‘ The

solid curve is the calculated shape of the band taking inio account the

" rotational structure., Data points are shown as open cizcles, Analyzer

resolution was 7 meV (Samson and Gardner, .ref, 65a),

Photoionization cross section of }52 as a function of wavelength: BSolid
points (®), present experimental-data, -Bashed line, theoretieal data of
Hartin et al, (Ref. 75). Open circles, data of Denne (Ref, 8t). Crosses,

data of

The 584 2 photoele‘ctrc;n spectrum of H2 (corrected for analyzer :r:esponse).

Analyzer resolution was 15 meV,

- A

The 736 & photoelectron spectrum of H, taken.with a resolutlon of 8 nev

2

to reveal the rotatlonal fine siructure,

The 736 R photoelectron spectrum of H, showing the rotatlonal structure

2
in the v'= 5 and 6 vibrational bands,
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Ak,

15,

16,

17.

18.

19,

20,

21,

75

£ig, captlons -

Tonization and absorption cross sectioAs of ordinary Hz at room temperature
in the neighborhood of tﬁe threshold, with some rotational assignments,

Not shown are assignments for the D' ~X (2, 0) system, no lines of which
are autoionized but which include the strong absdrptions at 805.72, 805.93,
and 806.55 £ [cotnciding with P(2) of 3”7 Jand at 806.63 § (Chupke and

Berkowitz, ref, 99).

Photoionization efficiency spectrum of ordinary HZ taken at 78K with a

wavelength resolution of 0,016 2 (Chupka and Dehmer, ref, 1009,

Photoionization efficiency spectrum of para-§2 at 78K taken with a wavelength

resciution of 0,016 & (Chupka and Dehmer, ref, 100),

Potential encrgy curves of Hz and H;. The shaded area represents the

Franck-Condon region.
Energy level diagram of GOZ. The dashed levels are autoionizing_s%aﬁea.

Photoionization~efficiency curves for the COZ and 0+ jons of carbon dioxide.

The ordinate scale for the molecule ion is 20 times-that of the atom jon

.(Qiheler an&Aﬁélker, ref, 111}, .

- X

Phdfoion«yields of o and,co*, compare with CG;.

jons are expanded forty-fold relative to COZ. Two predissociating Rydberg

Ordinates for the fragment

-serdes converging to 19.39 eV and an autolonizing Rydberg series converging

%0 19.75 eV are indicated {McCulloh, ref, 110).

The 584 & photoelectron spectrum of CGZ.

The 304 &, (HeII) photoelectron spectrum of 02. corrected for the trans-

mission of the analyzer., No transitions could be detected in the omitted

portion of the specirum (Gaxdnér'and Samson, ref, L17),
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REPRODUCIBILITY OF THE

22. The 736 & (NeI) photoelectron spectrum of 0. ORIGINAL PAGE IS POOR

23.

Branching ratios as a function of wavelength for photolonization of CO
(x¥), to the coT(x%ED), (49D, and (3%") states. The solid data points
represent results of Samson and Gardner (Ref, 127). The open circles

represent the data of Van der Wiel and Brion {Ref. 130),

24(a)., Partial photoionization cross sections as a function of wavelength for

the Pﬁoduction of the‘SG*(ﬁ %§f+sta€é {Samson and Gardner, ref, 127).

"(b), Partial photoionization cross section as a function of wavelength for

25.

27,

28.

the preduction of ‘the CO' 4 and B states, The solid data .points represent

,results of Samson and Gardner (Ref, 127). The open circles represent the

fluorescent data of Judge and Lee (Ref, 131).

-~

Experimental photoionization continuum cross,seé%ions of the ware gases
as_ahfunction of wavelength, The vertical lines indicate the positions‘

of the diserete window type resomances in Ar, XKr, and Xe, caused by (msﬁnp)
type transitions (Samson, ref. 8),

-

Experimental photoionization cross section of He as a function of wavelength,

The, dashed vertical line at 206, & represents the -first antolonizing resonance

) levél of the series caused hyv double eleciron excitation. The limit of the

series is shown by the shaded area get (n=2),

Photoionization cross section of He in the vieinity of the autoionizing
resonances, The solid continuous line represents the data of Madden and

Codling (Ref, .161), .The .solid point Ieprégentsrthe present data,

Summary of publlished theoretical photolonization cross sections of He, See

text for details,- The dashed curve with the data. points represents the

present experimental data,
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29. Experimental photoionization cross sec{ions‘of Xenon as A function of wavelength

(samson, ref, 8).

30. Theoretical photoionization cross sections for the 5p-ns (1P) channel in Xe,
----- , single particle approximation; —e+-++-, random phase approximation
(RPA) without ground state correlaticns; -+-+-, RPA with coxrrelations; ++v*»,
s_d.ngle particle approximation for the 5p-ns ch;':innel (Wendin, ref, 170), The
so]:id curve is the experimental total photoionization cross.section (Samson,

ref, 8).

31, Partial photoionization cross sections for the 5s subshell in Xe, ~wnme- ’

" RPAE with 5s-4d intershell correlations; »¢¢++, single particle approximation;

» RPAE with 5s-(4d + 5p) intershell correlations, (Amusia, xef, 147),

®, experimental data points(Samson and Gardner, ref, 172}, -

-

32. Total photoionization cross section of Xe in the region of 4d.shell iondza-

tion,

» RPAE calculations (Amusia, ref, 147); ——mmm experimental results °

(Haensel et al,, xef, 173).

33. Partial photoionization cross section of Xe for the ejection of electrons from
-(2) the 4d-shell, (b) the 5s-shell,’and (c) the 5p-shell (West et al., ref,

L -+1.175), The dashed curves represent the theoretical data of Amusia et al., ref. 147
- \ ] -

34, Ratio of double to single lonization for He., ZRElectron-ion coincidence tech-
niquer~€® , Wight and Van der Wiel, ref, 182, Photoionization techniques A .

Schmidt et al, ref, i5;0, Carlson, ref, 13,

35, .Ratlo of double to single ionization for Ar., Electron-ion coincidence tech-
nique: ® , Wight and Van der Wiel, ref, 182, Photoionization -technique; FAY ’

Schnidt et ai, ref, 15;[], Carison, ref, 13; O, Samson and Haddad, ref. 14,
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38.

39,

40.

b1,
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fig. captions

Partial photoionization cross section of Ne for double ionization: © , Samson
and Haddad, ref. 14; x, Carlson, ref., 13. The dashed curve is thé best fit
to thke experimental data., The solid curve repz‘:esents the theoretical results

of Chang and Poe, ref, 188,

The 584 § photdelectron spectrum of 02, OziA, and 0 (Samson and Petrosky,

. ref, 2“’3) .

The 58% £ photoelectron .spectrum of 5, (329. (Dyke et al, ref, 241).

The 584 & photoelectron spectrum of GsI: (a) Ffull spectrun, (b) threshold

' reglion,

The arzular distribution parameter ﬁ plotted as a function of the photoelecﬁron

energy for the 3p electron in argonm,

» Kennedy and Manson, ref, 271;

Amusiz et al., ref, 272; O, Houlgate et al., ref, 268;®, Dehmer-et al., ref., 270,

Asymm=try. parameter /3 as a function of wavelength. (a) Bxperimental ﬂ value
shown in relation to the experimental autoionizing resonances (dashed curve).
(b) ‘E’heoreticalﬁ values (solid-line curve) shown in relation to the theoretical

photoionization cross sections (dashed curve),
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