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A compilation is provided of absolute total photoabsorption and partial-channel pho-
toionization cross sections for the valence shells of selected molecules, including diatomics
(H,, N,, 0,, CO, NO) and triatomics (CO,, N,0), simple hydrides (H,0, NH,, CH,),
hydrogen halides (HF, HCl, HBr, HI), sulfur compounds (H,S, CS,, OCS, SO,, SF),
and chlorine compounds (Cl,, CCl,). The partial-channel cross sections presented refer to
production of the individual electronic states of molecular ions and also to production of
parent and specific fragment ions, as functions of incident photon energy, typically from
~201t0 100 eV. Total photoabsorption cross sections above the first ionization threshold
are reported from conventional optical measurements obtained using line and continuum
sources and from “equivalent-photon” dipole (e,e) electron scattering experiments. Par-
tial photoionization cross sections for production of electronic states of molecular ions are
obtained from photoelectron spectroscopy and from dipole (e,2e) coincidence measure-
ments. Photoionization mass spectrometry and dipole (e, e + ion) coincidence studies
provide measurements of partial cross sections for ionic photofragmentation (i.e., disso-
ciative photoionization). Photoelectron anisotropy factors, which together with elec-
tronic partial cross sections provide cross sections differential in photon energy and in
ejection angle, are also reported. There is generally good agreement between cross sections
measured by the physically distinct optical and dipole electron-impact methods. The cross
sections and anisotropy factors also compare favorably with selected ab initio and model
potential (X-alpha) calculations which provide a basis for interpretation of the measure-
ments.

Key words: asymmetry parameter; beta; cross section; dissociative ionization; partial channel; pho-
toabsorption; photofragmentation; photoionization.
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Glossary

ok = total photoabsorption cross section

gk, = total photoionization cross section

r = total photoionization efficiency or quan-
tum yield

oln = partial photoionization cross section for
production of a singly {or multiply) charged
molecular ion in the electronic state j

BR/ = photoelectron branching ratio for produc-

tion of a singly (or multiply) charged molec-
ular ion in the electronic state j

B = photoelectron asymmetry parameter or
angular anisotropy factor for production of

1. Introduction

Molecular photoionization processes are of fundamen-
tal importarice'™2* and find application in a large number of
scientific contexts, including studies in aeronomy,** astro-
physics,?> planetary sciences,”® and radiation chemistry,
physics, and biclogy.?” Workers in these disciplines require
reliable absolute cross sections for total photoabsorption,
photoionization, partial photoionization; and for fragmenta-
tion processes over wide spectral ranges, particularly for use
in modeling studies.?’-3° In addition, experimental total and
partial cross sections are required for critical evaluation of
theoretical and computational approximations to molecular
photoionization processes.

Although continuing progress has been made in experi-
mental studies of molecular total photoabsorption and total
photoionization cross sections in the vacuum ultraviolet
(VUV) and soft x-ray regions since the early 1950s,3—44
quantitatively reliable absolute partial photoionization and
ionic photofragmentation cross sections have been obtained
only comparatively recently.**~*® Theoretical calculations of
partial photoionization cross sections at reliable levels of ap-
proximation have also appeared comparatively recently, in
accordance with the development of refined computational
techbniques and the increasing availability of large high-
speed digital computers.®*"' In view of growing interest in
molecular photoionization processes, particularly in the par-
tial channels contributing to the overall photoabsorption, a
compilation of partial cross-sectional data obtained largely
in the last decade, in comparison with selected ab initio and
model potential (X-alpha) calculations, is both timely and
desirable.

The processes of primary interest here are one-photon,
single ionization and subsequent fragmentation events. One-
photon, multiple ionization may also be important, and in
such cases these processes should be taken into account in
the analysis and interpretation of experimental data. A de-
tailed discussion of the complications that arise in measure-
ments of single ionization in the proscnce of multiple ioniza-
tion is given in Sec. 2. The one-photon, single jonization and
subsequent fragmentation events can be written for a proto-
type molecule AB in the forms

AB + hv—-[AB*}/ 4+ e, (LY

the singly charged molecular ion in the elec-
tronic state j

Tophnd = partial ionic photofragmentation cross
section for production of a singly (or multi-
ply) charged parent or fragment ion, includ-
ing those resulting from ion pairs

BR = ionic photofragmentation branching ratio
for production of a singly (or multiply)
charged parent or fragment ion, including
those resulting from ion pairs

% = differential optical oscillator strength

hv = incident photon energy

E = electron energy loss

[AB*]/>AB* and/or A + B*. (1.2)

Here, hv is the incident photon energy, AB is a target mole-
cule in the ground vibronic state with an essentially degener-
ate ensemble of rotational states, [AB™ ]/ is a molecular ion
in the electronic excited state j, and e~ is the ejected electron
carrying off kinetic energy. Because 7,, the time scale for the
electron photoejection process of Eq. (1.1), is generally
much shorter (7, ~10"1 s) than 7,,, the time scale of the
molecular ionic relaxation process (7,, ~107"s) of Eq.
(1.2),5%72 the jon [AB™]/ is characterized experimentally
by measurements of the ejected electron kinetic energy (i.e.,
binding energy) using photoelectron spectroscopy (PES) or
the equivalent technique of dipole (e,2¢) spectroscopy.**=*°
These generally reveal, at sufficiently high resolution, a se-
ries of well-defined vibrational structures associated with
stable molecular ions or metastable predissociating ions, as
well as vibrational continua associated with direct ionic (rag-
mentation processes, for each accessible electronic ionic
state. Figure 1 depicts the binding energy spectrum for the
water molecule at electronic resolution.” The four groups of
electrons shown are associated with production of the four
lowest electronic states of H,O*, which correspond essen-
tially to removal of electrons from the four outer molecular
orbitals in H,0.” The subsequent relaxation and fragmenta-
tion of these ionic states [H,0%]/ [i.e., Eq. (1.2)] is stud-
ied by photoionization mass spectrometry (PIMS) or the
equivalent tectinique of dipole (e.e + ion) coincidence spec-
troscopy. In Fig. 2 is shown a photoionization mass spec-
trum indicating the ions produced in the case of the water
molecule.” However, coincidence measurements can estab-
lish the contribution of each state to each ionic fragment.

It is helpful in clarifying the aims and objectives of the
present compilation to distinguish among three regions of
valence-shell molecular photoprocesses: (1) The discrete ab-
sorption region, extending from the lowest electronic excita-
tion energy to the lowest or first ionization potential. (ii)
The “structured” ionization region extending from the first
ionization potential to ~ 20 V. In this region the ionization
efficiency varies and is less than unity. Few accurate effi-
ciency measurements have been made in this region. (iii)
The smooth cross-sectional region extending above ~20 eV
to several hundred eV, where inner-shell processes start to
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contribute.”>7® The discrete absorption region (i) is not con-
sidered explicitly here. Reliable cross sections are still diffi-
cult to obtain in this spectral interval, due to the effects of
finite instrumental resolution and the small intrinsic
linewidths associated with rotational structure.* The struc-
tured region (ii) is of considerable interest in the present
context, but it is premature to attempt a compilation of abso-
lute cross-sectional data for this spectral region. The many
important spectroscopic studies which have been made or
are in progress in this interval include photoelectron spec-
troscopy to vibrational or even rotational resolution,”” high-
resolution fluorescence yield measurements,’® high-resolu-
tion relative photoabsorption and photoionization with
mass analysis measurements,”® ion fluorescence depolariza-
tion studies,® threshold photoelectron spectroscopy,®' and
multiphoton ionization spectroscopy.®? On the basis of these
rcsults, it is anticipated that a significant body of quantita-
tively reliable vibrationally resolved, partial cross sections
will be available within a few years. In the smooth contin-
uum region (iii), total photoabsorption and partial pho-
toionization cross sections have been measured during the
past several years using spectrometers with differing energy
resolutions. The cross sections obtained from the different
experiments compare favorably in almost all cases**~® and
should therefore be largely independent of any future im-
provements in energy resolution. It is this region to which the
present compilation of total photoabsorption, partial-channel
photoionization, and ionic photofragmentation cross sections
for all valence-shell processes is directed. Specifically ex-
cluded from the present article are inner-shell processes,”’®
which constitute a topic suitable for a separate review.

The present report should be regarded as a logical con-
tinuation of earlier compilations and complementary to oth-
er more recent reviews. Early absolute photoabsorption and
total photoionization cross sections in the visible and near-
ultraviolet (UV) regions, and related aspects of photoelec-
tron spectroscopy, have been reviewed previously from var-
ious perspectives,'™2* and helpful bibliographies for these
earlier data are available.’’** The comprehensive mono-
graph of Berkowitz,? in particular, provides a detailed ac-
count of molecular photoionization and related studies up to
1978. Descriptions of experimental techniques for studying
photoionization employing various optical
sources** 475051555758 and the equivalent pseudophotons
provided by electron-impact ionization and coincidence
methods*®#52-5456 are available. Photoabsorption and par-
tial photoionization cross sections, as well as branching ra-
tios, obtained from dipole (e,e), (e,2¢), and (e,e + ion)
spectroscopy measurements up to approximately 1982 have
been reported in cumulative tabulations.*>>*

2. Definitions and Nomenclature

Definitions of the partial cross sections o7, , 072%, and of
the related branching ratios BR/, BR™:#, both experimen-
tally and theoretically, as well as of 0%, I, 0., and of the
anisotropy factors 3/, are given in this section. The effects of
multiple ionization and pair production on measured values
are discussed. All cross sections and related quantities are
functions of the photon energy Av, although this dependence

is generally not indicated explicitly in the following.

In providing the appropriate definitions, it is helpful to
consider the three valence-shell photoprocesses that are rel-
evant in the vacuum ultraviolet and soft x-ray intervals of
interest here. These are the following.

(1) Excitation by photoabsorption into stable and/or
dissociative neutral states (excluding ion-pair processes)

hv + AB— AB* and/or A + B*. 2.1
(2) Elastic and/or inelastic photon scattering: .
hv+ AB—hv+ ABand/or hv' + AB*.  (22)

Contributions from such processes are usually negligible and
are not considered further in the present work.

(3) Photoionization as observed by either
(a) PES (7,~10""5)
hv + ABL[AB*+ ]/ 4 ne™, (2.3)

where [AB"* ]/is a singly or multiply charged ion (n>1) in
state () which may be stable or unstable with respect to
subsequent dissociation, or

(b) PIMS (r,, 210~ 25)

hv+ AB—[AB"* ]/ 4 ne™
AB"* (2.4)
APt + Bt (2.5)
A* +B-, (2.6)

where Eq. (2.4) refers to production of singly or multiply
charged stable parent ions of charge n>1; Eq. (2.5) refers to
production of fragment ions of charge p* and ¢, where

p + g =n>1 and either p or ¢ may be zero, and Eq. (2.6)

- refers to ion-pair production (n =0). All three processes

[i.e., those defined by Eqgs. (2.4)-(2.6) ] are included in the
general description “ionic photofragmentation” and are de-
signated by the label “frag” in the symbols and equations
used in the present work.

The total photoabsorption cross section (o7, ) encom-
passing the above three groups of processes (1-3) may be

written as

Ogos = 0y + Oions 2.7)

where g, is the cross section for neutral processes (1) and
ol is the total photoionization cross section (3). The latter
quantity is defined by the relation®

Oion = L0k, (2.8)

where T is the total photoionization efficiency or quantum
yieid given by
__ Number of ionizing events/s

Number of photons absorbed/s -
The presence of distinct electronic and fragmentation time
scales associated with Egs. (2.3) and (2.4)-(2.6), respec-
tively, and of the two classes of corresponding experiments
(PES and PIMS) provides two distinct definitions of the
term ““ionizing events” appearing in the numerator of Eq.
(2.9). Since PES measurements [Eq. (2.3)] cannot detect
the ion-pair production events [Eq. (2.6) ], the photoioniza-
tion efficiency obtained is generally less than that obtained

2.9)

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



16 GALLAGHER ET AL.

from PIMS measurements which can be made to detect all
the ionizing events required in Eq. (2.9); ie, I'*®S
<I'P™S =T, For practical purposes this difference is usually
of little importance, since the generally small pair-produc-
tion cross section g, is concentrated in a relatively narrow
spectral band at low photon energy. Nevertheless, both ioni-
zation efficiencies are useful. as is clarified below.
A. Photoelectron spectroscopy .
Following Eq. (2.9), the photoionization efficiency in
this case may be written as

[PES _ (N, +N,/2 4+ N3/3+4 )
Number of photons absorbed/s ’

where N,NN,,... are the number of electrons produced/s by
all single-, double-,... ionization events on the short time
scale before any subsequent ionic photofragmentation. With
this definition T**5< 1. The quantities N, N,,... are generally
not determined directly, but rather measurements are made
of BR/, the photoelectron branching ratio for production of
a singly or multiply charged molecular ion [AB"*+ ]/ in the
electronic state j, where

BR/ = N'/n '

(N +N/2400)
Here, N/ is the number of photoelectrons produced/s from
formatjon of these ions. With this definition o7, the partial
photoionization cross section for production of a singly or
multiply charged molecular ion in the electronic state j, is
given by

ol = BR/ITPES07 (2.12)
Comparison of Egs. (2.10) and (2.11) indicates T'"®* is the
correct photoionization efficiency to employ in determining
oi ..

In practice, it is experimentally difficult to disentangle
the electrun groups Np,N,,... associated with the separate
photoionization processes of Eq. (2.3). Usually, double and
higher ionization states ([AB"* ]/, n> 1) are not directly
observed in conventional PES experiments because of the
energy sharing by the two or more ejected electrons, result-
ing in a low intensity background upon which the largely
discrete single-ionization spectrum is superimposed. Conse-
quently, multiple ionization branching ratios are not mea-
sured, and the contribution of multiple jonization is not
properly taken into account in obtaining one-electron BR/
values unless the weak continuous background kinetic ener-
gy spectrum of electrons associated with this process is expli-
citly subtracted from the measured signal.*”>° Multiple ioni-
zation is usually small in the valence-shell spectral intervals
of interest here,’” and thus corrections are small in any
event. In the absence of measured TP values, IP™S is
usually employed in Eq. (2.12).

Closely related to each electronic partial photoioniza-
tion cross section o, is the corresponding photoelectron
asymmetry parameter or angular anisotropy factor 5/. In
the case of the single-ionization processes of central interest
here, the two quantities together provide the one-electron
electronic partial photoionization cross-section differential
in ejection angle for unoriented molecular targets in the
form°

(2.10)

(2.11)
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doi () = (04,/4m)[1+ B IPy(cos 8)1dQ, (2.13)

where P,(cos @) is the second-degree Legendre polynomial
and 6 is the angle between the incident photon (linear) po-
larization direction and the mometum vector of the outgoing
electron. Equation (2.13) rests on the familiar dipole ap-
proximation, which should hold well in the photon energy
rcgion of interest here.

B. Photoionization mass spectrometry

Following Eq. (2.9), the PIMS total photoionization
efficiency may be written as

TPMS — Wi+ Mot AW ) ,
Number of photons absorbed/s

where /7, and A4,,... are the numbers of singly, doubly,...

charged ions initially produced/s before any subsequent ion-

ic photofragmentation occurs, and 4", is the number of

ion-pair events/s. With this definition [*™3(=TI")<1, and

with the exception of the spectral interval where ion-pair
production is non-negligible,

(2.14)

l‘Pﬁsgl‘PIMS —_ 1"

(2.13)

Although the definition of I*™ involves only the processes
of Egs. (2.3) and (2.6), any practical measurement also in-
cludes the processes of Egs. (2.4) and (2.5). However, the
correct values of I'™™S are obtained directly from time-of-
flight (TOF) mass spectrometer signals. This is because
fragments produced upon dissociation of multiply charged
molecular ions [Eq. (2.5) ], which might be thought to give
rise to multiple ionization events for a single absorbed pho-
ton, are counted collectively as a single event (that is, only
the fastest fragment is detected), provided the detector effi-
ciency is 100% for ions of all degrees of ionization.

The frequently employed ionic photofragmentation
branching ratio BR™* for production of a singly or multiply
charged parent or fragment ion of a particular type, includ-
ing those from ions pairs, can be written as

Nfrag
(./V‘—{—‘/Vz—{—"'./l/‘”),

where N 72 is the number of ions/s of type “frag” actually
observed. As indicated above, for PIMS-type measurements
utilizing conventional TOF mass spectrometers the denomi-
nator of Eq. (2.16), is actually measured directly. Conse-
quently,

DR =

(2.16)

Nfrag
Efrag Nfrag ’
With this definition, o8, the partial photoionization cross

section for production of an ion of any type “frag,” is given
by

BRfE = (2.17)

offse = BRIrePIMSGT (2.18)

Time-of-flight mass spectrometers as currently employed do
not provide for measurement of cross sections for all possible
fragmentation processes referred to in Eq. (2.18). Specifi-
cally, since only the fastest singly charged ionic fragment
from a dissociating doubly charged molecular ion is ob-
served, such cross sections are not commonly measured. Al-
though their contributions are generally small for the va-
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lence-shell photoionization processes of interest here, cross
sections for dissociating multiply charged ions can be detect-
ed in suitably modified PIMS measurements, as is discussed
in Sec. 3 below.

To summarize the foregoing partial cross-section ex-
pressions for both PES and PIMS measurements, emphasiz-
ing the small (usually negligible) differences inherent in the
two ionization efficiencies employed:

j JTPES T
Oion = BR T Oabs

=BR'Tagl,
=BR’oT , (2.19)
and
a{;z;g — BRfresPIMS UaTb .
— BR™ 07,
= BR™egT . (2.20)

From Egs. (2.19) and (2.20), two alternative partitionings
of the total photvionization cross section can be written in
the forms,

Ony = Zgag O =3 0], (2.21)

Cross sections o are generally expressed in units of cm®
or in megabarns (1 Mb = 10~ '® cm?), and are related to the
differential optical oscillator strength df /dE, where E = hv,
by the expression®?

= (7€M [y
U[Mb]_(mc)dE[eV ]

=109.75 L jev-11,
dE
where the symbols in the factor (me’h /mc) have their usual
meanings.

(2.22)

3. Experimental Methods

In this section, accounts are given of photon and elec-
tron-impact dipole-simulation techniques for measurements
of the total photoabsorption, electronic partial photoioniza-

Table 1.

tion, and ionic photofragmentation cross sections of unor-
iented molecules. Although the present description is largely
self-contained, only essential features of the apparatus em-
ployed and measurement procedures are presented. More
detailed descriptions have been reported previously else-
where. ™2

The early measurements of partial photoionization
cross sections as functions of photon energy utilized capil-
lary discharge lamps and line sources® and predate the more
widespread use in the mid 1970s of monochromated synch-
rotron-radiation sources and appropriately calibrated elec-
tron energy analyzers for photoabsorption and photoioniza-
tion experiments. A significant parallel development during
the past 15 yr employing dipole electron-molecule inelastic
scattering techniques has provided quantitative simulations
of conventional photoabsorption and photoionization ex-
periments at continuously tunable energies corresponding to
the UV and soft x-ray regions. These simulation techniques,
aptly called the “poor-man’s synchrotron,” have provided a
large body of data for comparison with photon measure-
ments of absolute cross sections.*® The present compilation
reports results from both photon and dipole electron-mole-
cule scattering experiments. In cases where parallel experi-
ments havc been done, therc is a high degree of agreement
between the results obtained by the two different methods.
Table 1 indicates the photon and equivalent electron-impact
experiments employed in measuring total and partial pho-
toionization cross sections.

3.1. Photon Measurements

Aspects of the photon experiments listed in Table 1 are
discussed briefly in this subsection.

3.1.a. Total Photoabsorption and Photoionization Cross Sections

Determinations of accurate absolute cross sections for
partial photoionization processes require first measurement,
as a function of energy, of the total absorption cross section
ol appearing in the familiar Lambert-Beer law,*"*°

Photon and Electron-Impact Experiments

Photon Experiment Quantity Measured

Equivalent Electron-Impact Experiment

Total Photoabsorption oT
abs

} T

Total Photoionization o]
ion

Photoelectron o) . Bj
ion
spectroscopy

Photoionization mass cfrag
ion

spectrometry

Electron—energy~loss spectroscopy,
dipole (e,e)

Dipole (e,2e) or (e,etion)
(from sums of partials)

Electron energy loss — ejected electron

coincidence, dipole (e,2e)

Electron-ion éoincidence,
dipole (e,e+ion)
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FiG. 3. Simple photoabsorption cell, where measurements must be made at different times of the incident
light intensity with and without gas in the cell. Here, 1, and I are, respectively, the incident and
transmitted light intensity, # is the gas number density, / is the length of the cell, and PM is a

photomultiplier (Refs. 47 and 50).

(3.1)

Here, n is the number density of the gas sample, and I, and J
are, respectively, the intensities of the radiation of energy Av
incident on and transmitted adistant / through the absorbing
gas. In addition, the total photoionization efficiency I or,
equivalently, the total photoionization cross section o7,
must be determined in order to make use of the partial-chan-
nel expressions of Egs. (2.19) and (2.20). The total pho-
toabsorption cross section is determined using Eq. (3.1) re-
written in the form

ks = (1/nD)In(1/1), (3.2)
which requires measurement of the ratio of light incident
upon a sample to that transmitted by the sample, the path

length /, and the number density #. Several techniques have
been developed for this purpose.*”>°

I=1I,exp( — ok nl).

3.1.a.1. Simple Cell

An approach that has been used quite extensively in
total photoabsorption measurements is depicted in Fig. 3.5
It consists of a simple absorption cell of length / with an
entrance window or narrow slit facing the incident radiation.
The end of the cell is defined by an exit window coated with
sodium salicylate followed by a photomultiplier (PM). The

signal of intensity I, entering the empty cell is first recorded
as a function of incident photon energy. The cell is then filled
with a gas of number density » and the PM reading taken
again to record the intensity I transmitted through the
length / of the gas. The total cross section is then given by Eq.
(3.2). The accuracy of this method depends upon, among
other things, the light source intensity remaining constant
during the course of the measurement. Unfortunately, few
sources remain stable and reproducible to + 1% over suit-
able time periods. This is particularly true for synchrotron
radiation from a storage ring, because the intensity of the
radiation decreases naturally with time. Thus, techniques
that measure /, and 7 simultaneously are generally preferred
when a synchrotron source is employed.

3.1.a.2. Split Beam

In the split-beam method depicted in Fig. 4, a portion of
the incident radiation strikes a mesh coated with sodium
salicylate. The fluorescent radiation produced by the mesh is
observed with a photomultiplier, the remainder of the inci-
dent beam being transmitted through the sample to another
PM tube at the end of the absorption cell. Signals from the
two PM tubes are balanced when there is no gas in the cell, so
that the intensity of light transmitted through the cell in the

4 1 { 7 To
PM 2 e ———— —— - —_————— — — — — <
7
= Z A /)
7 [l
|
¥
777777
PM'
T
FIG. 4. Split-beam absorption cell utilizing a mesh coated with sodium salicylate or a mirror intercepting »
fraction of the incident radiation at the entrance to the absorption ccll to allow for the effects of
incident intensity variation (Refs. 47 and 50). The arrangement 1s otherwise asn Fag 3
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presence of absorption can be effectively corrected for vari-
ation in incident intensity.*°

3.1.a.3. Double-lon Chamber

A double-ionization chamber can provide simulta-
neous measurements of both the total absorption cross sec-
tion o7, and the total positive-charge production efficiency,
I, defined as*’

I = Number of positive charges produced/s

Number of photons absorbed/s
Briefly, the apparatus depicted in Fig. 5 consists of a cylin-
drical absorption cell maintained at a positive potential with
respect to two ion collector plates of equal lengths L. The
symmetry of the design assures that the ions produced in two
regions of the cell will be collected by the appropriate collec-
tor plate. Under these conditions the absolute cross section is
given by*°

ok, = (/nL)In(iy/iy), (3.4)

where i, and i, are the measured electrode currents. To de-
termine I'’, we note that the numerator in Eq. (3.3) is given
by the measured current /; + i, and the denominator by the
difference between incident (/) and transmitted (/) light
intensity. The latter is obtained from 1, and the total absorp-
tion cross section using the Lambert—Beer law [Eq. (3.1)].
This provides an expression for I'' in the form

I’ = (3/e)/(iy — i), (3.5)

where e is the magnitude of the electronic charge. Generally,
a rare gas or other sample for which o%, and I are well
known is used to determine I,.

. (3.3)

ION
COLLECTOR
PLATE

CENTER LINE \|

Although T" as defined in Eq. (3.3) generally differs
from T" of Eq. (2.9), the two quantities can be related under
appropriate conditions. Letting ¥;, %,,... denote the ioniza-
tion efficiencies for one-, two-,... electron ionization, and ¥,
that for pair production, we have

r'=71(1+ﬁ+%+-“+z‘3"—), (3.6)
I8! 7 71
and
[‘:7/](1_}_.7_2__1_&_}_-«-_’_?&). (3.7
i "N 71

For photon energies below the double-ionization threshold
I'" =T, and the double-ion chamber technique allows T'
( = ¥,) to be determined absolutely in this energy range.
For photon energies above the double-ionization threshold
but below the triple-ionization threshold, the absolute value
of ¥, can be determined from mass spectrometer measure-
ments of double-ionization events, although care must be
taken to include any contribution from dissociative multiple
ionization. Such complications are generally disregarded in
molecular photoionization studies, the common practice be-
ing to set T'e=xI"" =y, =1 for sufficiently high photon ener-
gies. This approximation may not be warranted in all cases
although corrections are generally small for valence-shell
photoionization processes.

Errors in total absorption cross sections and ionization
efficiencies arise primarily from measurement of the ratio
I,/I and of the number density of the gas. The errors in I/1,
discussed previously in the literature,>® should be limited to
1% or 2% in regions of continuous absorption. Larger er-
rors can arise in highly structured spectral regions when the

(a)

|
|
|
I
|
|
|
|

. |
h

I
(/I///I/7///L/////JJlL/Ll//I///I///I///)

2

FiG. 5. Double-ion chamber; (a) cylindrical cross section and (b) side view. The ion currents i, and i,
are collected, respectively, on two rods of equal lengths L located symmetrically about the

center line of the ion chamber.
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(d)

FiG. 6. Types of electron kinetic energy analyzers currently employed in photoelectron spectroscopy stud-
ies; (a) parallel plate, (b) cylindrical mirror, (¢) 127° cylindrical, (d) 180° spherical.

bandwidth of the incident radiation is large relative to intrin-
sic widths. This particular difficulty has also been discussed
extensively and is largely one of sensible data analysis.?® Spe-
cifically, the defining cross-sectional expression [Eq. (3.1)]
is generally inappropriate for analysis of data obtained in the
presence of narrow spectral features. However, when the
intrinsic spectral widths (corresponding to rotational struc-
ture, for example) are very narrow compared to the incident
radiation bandwidths, and a very small stcpping intcrval is
used in the spectral scan, Eq. (3.1) is once again valid.®
Great care must also be taken in measuring the pressure of
the absorbing gas to obtain the number density. Many of the
earlier absorption measurements used mercury McLeod
gauges to measure pressures, giving rise to systematic errors
caused by streaming effects of mercury atoms flowing
towards a cold trap.® These difficulties have been overcome
through use of capacitance-type manometers. However, er-
rors of a few percent still can occur if temperature transpira-
tion effects in the capacitance manometer are not consid-
ered.’

3.1.b. Partial Photoionization Cross Sections

PES and PIMS techniques are generally used to mea-
sure partial cross sections for production of ions in specific
electronic states, and for production of parent or specific
fragment ions, respectively. Other techniques. such as flu-
orescence excitation spectroscopy (FES), have also been
used for these purposes, particularly in studies of structured
spectral regions.®’ However, the fluorescence technique is
not always useful in providing absolute partial cross sec-
tions, because of the possibility of cascading from higher
excited states and the internal rearrangements that can take
place. Consequently, this approach is not discussed further
in the present compilation.
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3.1.b.1. Electronic Partial Cross Sections

Absolute electronic partial photoionization cross sec-
tions are obtained from measurement of electronic branch-
ing ratios (BR’) defined in Sec. 2. Various types of electron
energy analyzers and modes of operation have been devised
for performing these measurements, largely focusing on one-
electron photoionization processes. The geometry of such
PES experiments is shown in Fig. 6, which depicts four typi-
cal electron energy analyzers. In each case, electrons in a
small solid angle d() are accepted by the analyzer at an angle
0 relative to the incident light. For measurements of the
branching ratio of Eq. (2.11) for n = 1, it is convenient to
employ the magic angle (0 = 54.7°) arrangement for which
P,(cos 8) = 0. In this case the number of electrons dN 7 de-
tected is proportional to o4, but independent of B/ [Eq.
(2.13)], so the total numbers N 7 in Eq. (2.11) that refer to
integration over all solid angles can be replaced by those
accepted in the solid angle d(). Once the partial cross section
o1, is determined from Eq. (2.12), the anisotropy factor 8/
is obtained from measurement of the angular distribution of
ejected electrons [Eq. (2.13)]. This is generally accom-
plished by either rotating the analyzer in a plane containing
the incident light beam or in a plane at right angles to it.
Alternatively, the analyzer can be fixed and the polarization
of the light can be rotated if a polarizer is employed.

Photoelectron measurements must employ a suitably
calibrated analyzer since the collecting efficiency of the ap-

paratus is generally dependent on electron kinetic energy.
Furthermore, as indicated above, photoelectron measure-
ments are complicated by multiple ionization events, which
produce a weak continuous hackground kinetic energy spec-
trum of electrons that must be subtracted from the measured
signal in order (o oblain the correct one-electron cross sec-
tions. Additionally, complications also arise when the inci-
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dent radiation is not 100% polarized. These aspects of the
measurement procedures have been discussed in consider-
able detail elsewhere and are not repeated here.*”>°
Constant-ionic-state (CIS) techniques, in which inci-
dent photon energy and ejected electron kinetic energy are
simultaneously scanned, are increasingly employed in mea-
surements of electronic partial cross sections without prior
explicit determination of branching ratios from individual
photoelectron spectra obtained at a series of photon ener-
gies.#5-50.88.89 §uch CIS measurements can be normalized to
the total photoabsorption using a single set of branching ra-
tios obtained at an optimum (low) photon energy where
multiple ionization cannot occur but where the ionization
efficiency is unity.®®® Partial cross sections obtained in this
manner will be correct even at the higher photon energies
where other complicating effects occur. Although accurate
CIS measurements are generally more difficult to carry out,
the more specific data obtained generally merit the effort.

3.1.b.2. Parent- and Fragment-lon Cross Sections

Photoionization mass spectrometry techniques are gen-
erally employed to measure cross sections for production of
parent and specific fragment ions. The appropriate branch-
ing ratios and the corresponding partial cross sections are
given by Egs. (2.16)—(2.18). Ion-pair production and disso-
ciation of multiply charged ions into singly ionized frag-
ments complicates determination of the number ¥™¢ of
one-electron ions of a given type. Additionally, most mass
spectrometers will discriminate against energetic fragments
due to the different response of the detector to ions of differ-
ent mass and energy, and to the propensity for fast ions to be
disproportionately sampled, because they move rapidly out
of the ion extraction region. Techniques for overcoming
these difficulties have been described previously else-
where.*”%° It should be noted that accurate values of the
total cross section for fragmentation are obtained directly
from the difference between total photoionization cross sec-
tion and that for parent ion production. The latter is, of
course, not sensitive to the extraction difficulties associated
with fragment ions.

3.2. Dipole Electron-Impact Measurements

In the past decade methods have been developed for the
quantitative study of molecular photoabsorption and par-
tial-channel photoionization cross sections utilizing the vir-
tual photon - field of forward-scattered fast elec-
trons.#8:49:52-5456.76,87.90 Thege techniques have provided
quantitative simulations of conventional photoabsorption,
PES, and PIMS measurements in the equivalent photon en-
ergy range of ~5-1000 eV and the cross sections so obtained
are effectively cquivalent to those determined by photon
techniques. Table 1 gives the electron-impact equivalents to
the primary photon measurements. The electron-impact
methods use electron energy-loss spectroscopy to simulate
the initial photoabsorption, and coincidence counting of
electrons and/or ions to obtain partial and fragment pho-
toionization cross sections. In these methods the electron
energy loss E is continuously variable and is the analog of a
variable-energy photon source (E = hv). To understand

this analogy, it is helpful to compare the processes of impact
excitation of a molecule AB by an incident electron with
energy E, and the resonant absorption of a photon

e (E,) +AB—AB* e~ (E,— E), (3.8)
hv+ AB—AB*. 3.9)

In both excitation cases the energy E = hvis deposited in the
target molecule AB. Similarly, for ionization either by elec-
tron impact or photon absorption

e (Ey) + AB—[AB* + e5 (E—IP)] + ey (Eo — E),
(3.10)

hv+AB—[AB™ +e; (hv—1IP)], (3.11)

where IP is the molecular ionization potential. In each case,
the energy E is deposited in the target species M and the
(photo)ejected electron e will carry away the excess ener-
gy, E — IP. In the electron-impact induced reaction (3.10),
the dipole (e,2¢) or dipole (e,e + ion) coincidence methods
are needed to kinematically characterize the “photoelec-
tron™ or “photvivuization” processes, respectively. The
electron-impact equivalents of the three primary experi-
ments, photoabsorption, 4956195 PES®%8  and
PIMS,?-1°! are discussed and described briefly in the fol-
lowing subsections.

3.2.a. Total Absorption Cross Sections

It has long been known that dipole excitation or ioniza-
tion of atoms and molecules can be effected by electron colli-
sions at vanishingly small momentum transfer.”’ Under the
appropriate inelastic scattering conditions (high impact en-
ergy and zero-degree mean scattering angle), transitions
obeying dipole (optical) selection rules are selectively in-
duced in the target species, but with relative intensities that
differ (by a known target-independent factor) from those
observed by direct interaction with photons. The quantita-
tive relation that exists between differential electron scatter-
ing (do/dE) and photoabsorption cross sections is given
through the Bethe-Born relationship*®4%-56:1-%3

do(K) _ 2 k; 1 dfiK)
dE E k, K? dE

where k;, k ;, and K are the incident, scattered, and trans-
ferred momenta, respectively, E is the energy loss, and
df(K)/dE is the so-called generalized (momentum-transfer
dependent) oscillator strength density. The latter can be ex-
panded in a series of terms in which the first is the optical or
dipole oscillator strength df /dE of Eq. (2.22), with higher
terms invoiving even powers of the momentum transfer K;

df(K)_(d_f) 2 4.
5 —\E +AK?+ BK*+ -+,
Consequently, in the limit of zero momentum transfer, the
generalized oscillator strength approaches the optical oscil-
lator strength, and this provides the basis for determinations
of cross sections for photoabsorption and photoionization
from inelastic electron scattering measurements. Under
these conditions (i.e., K—0)

( df) _me ¢ _E k _,do(Xk)
= Oaos = 77— K .
dE) weh 2 k, dE

, (3.12)

(3.13)

(3.14)
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FIG. 7. Schematic of dipole (e,e) energy loss spectrometer used for studies of absolute photoabsorption

(Ref. 97). FP is the focal plane.

This important relationship shows that not only are dipole
transitions induced in the excitation and ionization of atom-
ic and molecular targets by fast electrons, but that their abso-
lute intensity can be obtained by kinematic conversion of the
electron scattering cross section using the factor
E /2(k,;/k;)K **® (In practice this factor must be integrated
over the experimental geometry.) The explicit extrapolation
K—0 of Eq. (3.14) can be avoided by making direct mea-
surement sufficiently close to the (K = 0) optical limit. For
valence-shell excitation or ionization this condition requires
impact energies of at least 3 keV at a zero-degree scattering
angle.

A schematic of a dipole (e,e) electron spectrometer
suitable for total cross-section measurements is shown in
Fig. 7. Its operation is described in detail elsewhere.*849¢
There are some unique features and also some limitations of
the electron-impact simulation methad of tatal photoah-
sorption measurement, however, which warrant additional
discussion here.

It can be seen from Eq. (3.14) that the photoabsorption
oscillator strength is related to the differential electron scat-
tering cross section by the multiplicative factor
(E /2) (k;/k;)K *, which can be shown to be essentially pro-
portional to E3 (Refs. 48 and 56). That is, the optical pho-
toabsorption cross section is derived from the forward elec-
tron scattering spectrum by multiplying with a kinematic
factor of the order of E>. (In practice, the exponent of E is
approximately 2 due to the need for integration over the
finite acceptance angle in the forward direction.'®®) Conse-
quently, the electron scattering signal will fall off more rap-
idly with energy loss by a factor of — E 3 than does the pho-
toabsorption cross section. Therefore, great care must be
taken to exclude background due to stray electrons, particu-
larly at higher values of E. This problem is analogous to that
of stray light in optical spectrometers. Partial photoioniza-
tion cross sections are similarly obtained by correcting the
dipole (e,2e) or (e,e +ion) coincident intensities by the
same energy loss dependent factor. In the case of the coinci-
dence photoionization experiments, the statistics result in an
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effective upper limit of the energy loss range (~ 1000 eV
with present instrumentation). This limitation is much less
severe in the case of the noncoincident dipole (e,e) experi-
ment, where the signals are correspondingly much larger.
All electron scattering work is done at sufficiently low pres-
sures to avoid double scattering processes.

An advantage inherent in the electron-impact simula-
tion method is that anomalous intensity effects due to finite
linewidth cannot occur due to the nonresonant character of
electron-impact excitation [ Eq. (3.10)]. As a result, the en-
tire oscillator strength is contained beneath the measured
photoabsorption curve regardless of linewidth or energy re-
solution. By contrast, optical intensities, where excitation is
of course resonant, can be very severely perturbed in those
cases where natural linewidths are narrower in energy than
the monochromator bandwidth. In the continuum, lower
energy resolution is of little practical consequence except in
areas of very sharp structure, but even in this case the elec-
tron-impact methods still give the correct contribution to
the total cross section beneath the measured curve. In
smooth continuum regions both high- and lower-resolution
electron or photon experiments will give the same result for
the cross section.

A further significant benefit in the dipole electron-im-
pact experiment results from the flat virtual photon field
induced in the target molecule by the passing fast elec-
tron.*®>® The intensity of the pseudophotons produced is
constant with energy loss £, and thus provides a fiat virtual
photon source which results in the correct relative spectral
photoabsorption shape without measurement of exciting
flux or target density (pressure). The ahsolute photoahsorp-
tion cross section can be determined directly without abso-
Iute measurements by making usc of the Thomas-Reiche—
Kuhn (TRK) sum rule relating the total photoabsorption
oscillator strength integrated over all discrete and contin-
uum states to the number of clectrons in the target mole-
cule.*®° To this end, the valence-shell electron energy loss
spectrum is measured out to weveral hundred eV, with the
small remaining intensity to ngher energy being quite accu-
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rately estimated (usually <5%) by extrapolation with the
form ae —°, where b typically has an effective value in the
range 2-2.5.%%56 Assuming shell separation, the total area is
then normalized to the number of valence electrons plus a
very small correction for Pauli excluded states (this usually
involves a contribution of ~0.2 oscillator strength
units). > By this means an absolute scale can be obtained
with an accuracy of usually better than ~ 5%. Alternatively,
the Bethe—Born corrected energy loss spectrum may be nor-
malized at a single encrgy loss or photon encrgy to a known
optical absorption cross section.

3.2.b. Partial Photoionization Cross Sections

The absolute total photoabsorption cross section ob-
tained as described above may be used in the derivation of
absolute partial photoionization cross sections for electronic
states of ions [dipole (e,2¢) method] or for molecular and
dissociative photoionization [dipole (e,e + ion) method]
from the respective coincidence measurements, Bethe-Born
corrected in accordance with Eq. (3.14). Presently available
dipole (e,2¢) and (e,e + ion) techniques are restricted to
energy resolutions of 0.5-1.5 eV full width at half maximum
(FWHM), due mainly to the thermal energy spread of the
primary eleciron beam, precluding the observation of vibra-
tional phenomena and closely spaced ionic states. It does,
however, have the advantage of integrating over most or all
of the Franck—Condon envelope, even in the constant-ionic-
state mode described further below. The energy resolution
limitations are less important in dipole (e,e + ion) spectros-
copy. The resolution of existing dipole spectrometers could
be improved by utilizing electron monochromators to give
resolutions as good as 0.020 eV, since the incident electron
beam flux required (~10~% A) is well within the capabili-
ties of presently available electron monochromation tech-
niques.”® The relative photoionization efficiency can be
measured in both the dipole (e,2¢) and (e,e + ion) methods,
as discussed further below.

Constlant-ionic-state spectra can be measured for elec-
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tronic states of ions by suitable tandem scanning of the inci-
dent electron energy loss and the ejected electron energy.®
The (relative intensity ) CIS scans may be put on an absolute
photoionization cross-section scale by Eq. (3.14) and subse-
quent normalization to the already determined absolute to-
tal photoabsorption using a branching ratio (from a binding
energy spectrum) at a suitable single energy £ in the region
where the ionization efficiency is unity. A similar procedure
can also be used in the dipole (e,e + ion) spectrometer to
obtain molccular and fragment-ion partial cross scctions di-
rectly. In general, the CIS method should give more accurate
resuits than the branching ratio method, since the normali-
zation can usually be done at an energy high enough to en-
sure that the ionization efficiency is unity, but low enough to
avoid the complications arising from multiple ionization and
other many-body effects in inner-valence regions. In most
studies the CIS and branching-ratio (PES) modes can both
be used, with the comparison providing a consistency check
on the results.?®

3.2.b.1. Electronic Partial Cross Sections

The general procedure employed in this case is similar
to that of photon methods as described above. In Fig. 8 is
shown a schematic of the dipole (e,2e) spectrometer pres-
ently in use. Electrons in the forward scattering direction
undergoing an energy loss £ are detected in coincidence with
the ejected electrons. The magic-angle (54.7°) ejected-elec-
tron analyzer must be calibrated for transmission efficiency
as a function of kinetic energy, and also for any variation in
flight time.?**® Both factors can be accounted for in a single
transmission function, T°(€), which can vary by at least an
order of magnitude over a 10-eV range of electron kinetic
energy €. The greatest uncertainties in 7T'(€) occur at kinetic
energics below 5 eV (i.e., near photoionization thresholds),
and errors in T'(€) function are likely to be the main reasons
for discrepancies between (e,2¢) and optical PES partial
cross sections in the near threshold region. Because of the
coincident nature of the measurements in dipole (e,2¢) bind-

/
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F1G. 8. Schematic of dipole (e,2¢) spectrometer used for measurement of absolute partial photoionization
cross sections for production of ionic states (Ref. 97). )
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F1G. 9. Schematic of dipole (e,e + ion) spectrometer used for measurement of absolute photoionization
cross section for molecular and dissociative ionization (Refs. 97-101).

ing-energy spectra, double or multiple ionization (molecu-
lar or dissociative) will result in detection of a single ejected
electron which may appear at any kinetic energy due to ener-
gy sharing. In contrast, in optical PES, two or more electrons
are detected as a continuum reflecting the energy sharing,
and double ionization events are thus counted twice.

3.2.b.2. Parent- and Fragment-lon Cross Sections

Parent- and fragment-ion cross-section measurements
employing dipole electron-impact techniques follow gener-
ally the optical approach described above. In Fig. 9 is shown
the (e,e + ion) spectrometer presently in use.’®!°! Time-of-
flight mass-analyzed ions are detected in coincidence with
forward-scattered, energy-loss-selected electrons. It is vital
that all fragment ions be collected, regardless of the kinetic
energy of fragmentation, if true absolute partial cross sec-
tions for dissociative ionization channels are to be measured
employing any PIMS instrument. Most conventional mass
spectrometers, which collect mainly thermal-energy ions,
can therefore discriminate severely against fragment ions
with kinetic energies greater than ~ 0.5 eV. Such instrumen-
tation is therefore not normally suitable for obtaining cor-
rect fragment ion yields, since in such cases energetic frag-
ment intensities can be in error by as much as an order of
magnitude.” Because of the large kinetic energies involved,
the dipole (e,e + ion) spectrometer is designed to collect all
fragment ions with up to 20 eV excess kinetic energy with
100% efficiency.*1%!

The (e,e + ion) spectrometer uses a time-to-amplitude
converter (TAC) to measure the electron-ion coincidence.
Use of the TAC method can lead to inaccuracies in the case
of significant dissociative double photoionization (e.g.,
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AB** -A* 4-B*). Although the number of ionizing
events is correctly registered, only the fastest (lightest) frag-
ment ion would normally be detected from each double dis- -
sociative ionization event. Such doubly dissociative pro-
cesses are usually negligible, certainly below ~ 60 eV, but in
some cases (e.g., SFy) this is not the case, and spurious re-
sults may be obtained. In simple homonuclear diatomic mol-
ecules, the correct single fragment-ion partial cross section
has been obtained by determining the difference between the
total photoionization and the molecular (parent) ion cross
sections.'® This method cannot be extended beyond homon-
uclear diatomic species except as a check on the total disso-
ciative photoionization cross section.

3.2.b.3. Photoionization Efficiency

The relative photoionization efficiency may be deter-
mined separately in both the dipole (e,2¢) and the
(e,e + ion) spectrometers by summing the electronic ionic
state or total ion (molecular and dissociative) count rates
and dividing by the forward scattering (noncoincident) sig-
nal. Tn all molecnles studied to date the photoionization effi-
ciencies above ~20 eV have been found to be constant, a
value that can be sensibly normalized to unity in this region.
The normalized photoionization efficiency so obtained may
be used together with branching ratios to partition the total
photoabsorption into partial photoionization cross sections
at each value of E. This procedure assumes contributions
from multiple ionization and ion-pair productions are negli-
gible.

The total photoabsorption, photoionization efficiency,
and branching ratios (or CIS scans), as well as the total and
partial photoionization cross sections, may all be determined
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over a wide energy range in a single instrument in the case of
both dipole (e,2¢) and (e,e + ion) spectroscopies. This pro-
vides important consistency checks with a given method and
also between the two spectroscopies. The sums of the partial
cross sections for electronic states of ions and for molecular
dissociative fragments must be equal to each other and each
must be equal to the total photoabsorption multiplied by the
photoionization efficiency over the entire photon energy
range. This has also provided a useful means of determining
the detailed, quantitative dipole breakdown pathways of
molecules. 7319

4. Theoretical Studies

The theoretical basis for one-photon, one-electron mo-
lecular photoionization calculations was provided some
years ago in the form of state-to-state cross-section expres-
sions differential in energy and photoemission angle,'**'%®
as adapted for applications to many-electron atoms and mol-
ecules. %116 These expressions entail calculations of appro-
priate initial and final states for use in the dipole matrix
element, generally evaluated employing the length form.'*®
Recent developments in this area involve the formulation of
sensihle dynamical approximations and the implementation
of efficient computational procedures for carrying out the
necessary calculations.’*"! In this section, cross-section ex-
pressions are given, the dynamical approximations currently
employed are described briefly, and aspects of the computa-
tional procedures introduced are indicated. The results of
selected ab initio and model potential (X-alpha) calculations
are reported with the corresponding measured data.

4.1. Cross-Sectional Expressions

A formal expression for the one-electron photoioniza-
tion cross section is given by the nonrelativistic quantum
mechanical formula!%®

dol,, = (2me’/he)hv]{g; (k) |ep|p) |*dQ. (4.1)

Here, do,, is the differential photoionization cross section
for electron ejection with momentum k into the solid angle
d€) upon production of the molecular ion in state j from the
initial molecule AB by action of the incident photon. The
unit vector e gives the direction of the incident light polariza-
tion, /v is the photon energy, the symbols in the first paren-

theses on the right-hand side of Eq. (4.1) have their custom-

ary meanings, W is the molecular dipole-moment operator,
and ¢ and ¢, (k) are initial and final molecular wavefunc-
tions, respectively.!%°-116 Since the function ¢ describes a
neutral bound-state molecule AB, it is normalized to unity in
the conventional manner and labeled with appropriate quan-
tum numbers. These refer ultimately to nuclear spin states,
total angular momentum and its projection, parity, and en-
ergy ordering, although introduction of the Born—Oppen-
heimer approximation and the appropriate Hund’s coupling
scheme for nuclear, electronic, and rotational angular mo-
menta gives rise to the familiar electronic, vibrational, and
rotational quantum numbers.''” The final-state function
#; (k) describes the photoejected electron as well as the state
of the molecular ion produced, and can be written in the

form ¢{~’®¢;, where the symbol ® implies a coupling that
takes cognizance of total wavefunction antisymmetry and of
other possible requirements, such as spin multiplicity, for
appropriate Hund’s cases.'!®''® The appropriate contin-
uum state ¢~ is quantized in the direction of the outgoing
electron and in kinetic energy, quantities both specified by
the labeling vector k.'°® Furthermore, ¢~ must satisfy so-
called incoming-wave asymptotic boundary conditions if
Egq. (4.1) is to be employed,'®” and is normalized in the so-
called Dirac delta-function sense in kinetic energy ¢ = 1k >
and emission angle (2, so that!!’

(B671870) =88 — SQ — Q). (4.2)

The wavefunction ¢; describes the molecular ion in state j,
involving quantum numbers similar to those employed for
the initial state ¢. However, in contrast to ¢, ¢, describes
either vibrationally stable parent-ion states, unstable predis-
sociating states, or directly dissociative states. In the two
latter cases, continuous labels specifying fragmentation ki-
netic energy and the direction of separation arise, and so the
labelj is, strictly speaking, inadequate. This complication is
avoided in the present development by regarding ¢; as ap-
propriate for the metastable ionic state [ AB* ]/ of Egs. (1.1)
and (2.3) formed prior to the possibly dissociative processes
of Egs. (1.2) and (2.4)—(2.6). Since available experimental
data do not generally provide fragmentation kinetic energy
or angular distributions, and there are few corresponding
theoretical studies available, the restriction is not an essen-
tial one for present purposes.

Although the state-to-state expression of Eq. (4.1) is of
considerable interest in connection with rotationally re-
solved cross sections, there are at present few data available
pertaining to these quantities. In the present development,
attention focuses on electronic partial photoionization cross
sections and ionic photofragmentation cross sections, in
which cases considerable data are now available. The differ-
ential cross section to electronic resolution can be obtained
from Eq. (4.1) for rotationally resolved processes by intro-
duction of the appropriate initial-state Boltzmann weighting
factors and summation and/or integration over all rota-
tional, vibrational, and additional subsidiary quantum labels
associated with final states.!! !¢ Alternatively, it is also pos-
sible to treat the molecular rotational degrees of freedom
classically at the outset, to define vibronic cross sections for
fixed molecular orientation, and to perfom an average of all
equally weighted orientations appropriate for the gas-phase
targets of interest here.!'®!'? The formal cross-sectional
cxpression employed in the latter case is identical with that
of Eq. (4.1), where now ¢ and ¢, refer to vibronic wavefunc-
tions, and there is an explicit dependence in the dipole ma-
trix element on the Euler orientation angles of the molecular
target which must be averaged over.''° Finally, in the sim-
plest approach the vibrational degrees of freedom are disre-
garded, providing vertical electronic cross sections that cor-
respond to summation over the vibrationally resolved
expressions in the Franck—Condon approximation.''* ! In
order to proceed further with the cross-sectional evaluation
it is necessary to introduce specific dynamical approxima-
tions for the necessary electronic wavefunctions.
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4.2. Dynamical Approximations

The large majority of molecular photoionization calcu-
lations performed to date employ the Born—Oppenheimer
and Franck—-Condon approximations, Hartree—Fock initial
wavefunctions for the electronic part of ¢, Koopmans ionic
core functions for the electronic part of ¢;, and a variety of
choices for the continuum function ¢{ ~’, as described in the
following subsection. In this approximation the partial
channels to electronic resolution are defined by the orbital
that is removed in forming the appropriatc Koopmans corc
state, and the continuum function ¢{ ~’ is determined by the
corresponding hole-state potential or an approximation to it.
Under these conditions, the state-to-state cross-sectional ex-
pressions to either rotational or vibrational resolution both
provide, upon appropriate summation over rotational and/
or vibrational states electronic cross sections in the

form109-119

do o, = (0o /4m) [1 + BPy(cos 6) 140, (4.3)
where

P,(cos 8) =1(3 cos®* 8 — 1), (4.4)

is the second-degree Legendre polynomial, 8 is the angle
between k and ¢, and o', and 57 are the electronic partial
photoionization cross section and angular anisotropy factor,
respectively, for the final electronic ionic state [AB* Y of
Eq. (1.1). If the incident radiation is unpolarized, the appro-
priate cross section is

doiy, = (04, /47)[1 — L B'P,(cos 0) 1dQ, (4.5)
where 8 is now the angle between k and the photon propaga-
tion direction, but o4, and S are unchanged.

The electronic partial cross section o4, corresponds to
the classical angle average of the three body-frame cross sec-
tions for polarization along the three priociple azes of elec-
tric polarizability, whereas the angular anisotropy factor 5/
provides a description of the angular distribution of photoe-
jected electrons. Although explicit expressions for o/, and
37 have been given in the literature in terms of partial-wave
expansions and one-electron radial matrix elements, these
are sufficiently complicated to make their presentation here
unwarranted.''®!¢ In an alternative development, wave-
functions of body-frame point-group symmetry are em-
ployed in cross-sectional calculations, avoiding the more
conventional partial-wave expansion.® These functions are
to be understood as the linear combinations of so-called ei-
genchannel states that provide the appropriate polarization
cross sections.®® Although the development also provides a
basis for constructing angular anisotropy factors, calcula-
tions of B/ values employing these methods have only re-
cently been reported in the literature.

4.3. Computational Approximations

Various approximations to the electronic wavefunc-
tions required in the cross-sectional expression of Eqgs.
(4.1)-(4.5) have been employed to date. With the exception
of a very few specific cases cited below, these have been in
single-channel or single-configuration approximations, gen-
erally employing Hartree-Fock target functions, as indicat-
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ed above. In this approximation, the electronic partial cross
sections refer to removal of electrons from individual ca-
nonical Fock orbitals, in accordance with the Koopmans
approximation.®® Calculations of the final-state functions in-
volve the construction of a photoejected electron wave ¢ ~’
satisfying incoming-wave boundary conditions in the pres-
ence of a static potential which is noncentral and also nonlo-
cal (exchange potential), and which becomes Coulombic for
large separations. The approximations employed to date for
the final state include the following types of wavefunctions
and potentials.

A. Plane waves

In this case the potential is set to zero, constituting the
simplest possible approximation to the ionization function.
Numerous calculations have been reported in this approxi-
mation using initial-state Hartree—Fock orbitals.'® The cross
'sections and anisotropy factors so obtained are qualitatively
and quantitatively unsatisfactory, providing little if any help
in interpreting measurcd valucs. In particular, the cross sce-
tions all vanish at threshold, in contrast to the predictions of
the Wigner threshold law for Coulombic systems,'?® the
high-energy limit obtained is unsatisfactory, ambiguities
arise in connection with orthogonality between initial- and
final-state wavefunctions, and the very interesting resonance
features that arise from the short-range portions of molecu-
lar potentials are not included in the approximation. Such
calculations are possibly useful, however, for negative-ion
photodetachment cross sections, in which cases the correct
potential is weak and asymptotically non-Coulombic.

B. Single-center Coulomb waves

The potential refers to that of a unit positive charge in
this case, generally placed at the center of mass. Partial cross
sections so obtained using Hartree-Fock initial orbitals can
be satisfactory at higher photon energies, in which case the
Coulomb limit is approached. At lower energies such cross
sections generally provide only a background value, since
they do not include the effects of the short-range molecular
ionic field, which can give rise to appreciable differences
from the Coulomb values even in so-called single-center
(e.g., hydride) systems. In particular, shape resonance fea-
tures are not predicted. Additionally, introduction of ortho-
gonality constraints between the continuum state and the
occupied orbitals can give rise to cross sections that include
spurious irregular spectral features.'?!

C. Two center Coulomb waves

This approximation, appropriate for homonuclear di-
atomic molecules, employs a pair of fractional charges
(usually + 1) to represent the molecular ionic field.'*” As in
the single-center Coulomb approximation, cross sections
useful at high photon energy arc obtained in this way. How-
ever, the important distorting effects of the short-range mo-
lecular potential are not included, giving generally unsatis-
factory results below - 50 ¢V, and orthgonality constraints
can produce spurious speetral features.
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D. Local molecular potentiais

Potentials of the Khare, Sternheimer, or X-alpha type,
in which the nonlocal exchange part is replaced with a local
approximation, have been employed extensively in molecu-
lar photoionization calculations. 563970123124 In the wide-
ly adopted multiple scattering X-alpha approximation, use
of an external sphere outside of which the potential is taken
as Coulombic insures that the appropriate high photon ener-
gy limit is obtained. The short-range molecular potential is
simulated with atomic spheres, in which there are largely
effective Coulomb potentials,’** and interstitial regions in
which the potential is constant. These particle-in-Coulomb-
boxes potentials can reproduce aspects of measured pho-
toionization cross sections, although results obtained from
various workers in specific cases can differ by factors of two
ormore due to ambiguities in choice of potential parameters.
Although these approaches are not ab initio in nature, and
consequently generally are not quantitative, they predict the
existence of resonance features in calculated cross sections,
aiding in the interpretation of measured values. However,
the energies of these features are usually incorrect. Care
must be exercised, however, in spuriously accounting for
channel-coupling or other configuration-mixing processes
in measured cross sections on basis of a single-channel mod-
el. Local potentials of the Sternheimer or inversion type are
largely of unknown accuracy when applied to molecules.
These are designed to provide theoretical insights into pho-
toionization cross sections, rather than to provide quantita-
tively reliable values.'*

E. Ab initio static-exchange potentials

This approximation employs a static noncentral, nonlo-
cal (exchange) potential obtained from neutral target Har-
tree-Fock orbitals, minus that of the ionized elec-
tron,>9-62:64-68.71 A[] one-electron effects are included except
for the polarization and relaxation the remaining core feels
upon ionization. The latter effect is taken into account in an
approximate way by employing ionic-state molecular orbi-
tals.%” Calculations indicate the approach provides a useful
first approximation free from ambiguity to photoionization
cross sections, and furnishes a basis for subsequent introduc-
tion of polarization, relaxation, and channel-coupling ef-
fects. Moreover, cross sections corresponding to so-called
satellite or many-electron ionization channels are also ob-
tained from static-exchange calculations in the intensity-
borrowing sudden approximation.®> Computational diffi-
culties have hampered static-exchange calculations in the
past, although good agreement is now obtained employing
various numerical techniques. Single-center expansions of
ionization functions, supplemental with basis-set represen-
tations of exchange potentials, now provide cross sections
for linear molecules that are in good accord from different
groups.5*%%6771  Completely square-integrable methods,
when implemented properly, provide cross sections in these
cases that are in accord with the single-center expansion
methods, and are similarly applicable to polyatomic mole-
cules,5®® and to these calculations of angular distribu-
tions.'® In some cases, correlated ground-state wavefunc-

tions have been used in conjunction with static-exchange
final states.”

F. Coupled-channel calculations

General procedures for the study of channel-coupling
effects are provided by the so-called multichannel quantum
defect theory.!?® In this development, cross-sectional ex-
pressions are parameterized in terms of quantities that are
generally slowly varying functions of photon energy and are
consequently amenable to calculation. Computational stud-
ies of channel-coupling effects have been reported at the stat-
ic-exchange level in time-dependent Hartree—Fock calcula-
tions.'?’~1?° The ionic cores employed in this approach refer
to the Koopmans approximation, with ionization functions
for each electronic channel determined in the presence of
configuration mixing in the single-excitation or ionization
approximation. Additionally, particle-hole terms are also in-
corporated into the development, which corrects to a certain
extent for two-electron correlation terms in the ground-state
functions. Calculations to date in this approach include the
use of local approximations to the Koopmans core poten-
tials,'**'?® and the neglect of particle-hole terms.'*°

Although the foregoing approximations all have been
employed in varying degrees, only ab initio static-exchange
and local potential (X-alpha) calculations are reported here
to aid in interpretation of spectral variations in the experi-
mentally observed cross sections, in accordance with the
widespread use of these approximations.

5. Data Acquisition and Presentation

Experimental and theoretical data compiled here are
obtained from published results in the open literature, as
well as from private communications. Cross sections
(075,010 ,028) and anisotropy factors (B7) are extracted
from journal and manuscript figures using standard digitiza-
tion techniques, or read from tables, and entered into a data
base. Tables 219 list the data sources for each molecule
chronologically by year of publication. Also indicated are
the following. (1) Whether the work was experimental (E)
or theoretical (T). (2) The method used to acquire the data,
where P=photon methods (i.e., photoabsorption, PES,
PIMS), DIP =electron-impact simulation techniques [i.e.,
dipole (e,e), (e,2e), and (e,e + ion) methods], StEx=sta-
lic-exchiange calculations, and Cl=confliguration interac-
tion calculations. (3) The method used for experimental
normalization, where AB=true absolute determination,
i.e., by measurement of » and I, (see Sec. 3), TRK =Tho-
mas-Reiche-Kuhn sum rule method (assuming valence-
shell separation), NM =normalization to a “known” cross
section at a single energy. (4) The specific electronic states
of the parent ion for which partial photoionization cross sec-
tions o/, are given. (5) Specific molecular ions and disso-
ciative fragments for which cross sections o8 are given. (6)
The specific electronic states of the parent ion for which
asymmetry parameters (B/) are given. (7) The energy
range for which data are given.

All measured and calculated photoabsorption cross
sections o, for a specific molecule are plotted together on
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an individual fipure as a function of the photon energy Av.
Stmitlarly, all cross sections o/, and asymmetry parameters
/3 for production of a specific final state j of the parent ion,
as well as cross sections o' for production of a molecular
ion or specific dissociative fragment, are plotted on individ-
ual figures as functions of the incident photon energy. Mea-
sured cross sections and asymmetry parameters are indicat-
ed by separate points, while calculated data are given as
lines. The threshold energy for the relevant photoionization
process, obtained from literature values,*”!3!-13¢ js indicat-
ed by a vertical dotted line on each figure. All cross sections
are given in both Mb (10~'® cm?) on the left and as oscilla-
tor strengths (eV™!) [see Eq. (2.22)] on the right of the
figures. A tabular listing of all data presented in the figures is
available in JILA Data Center Report No. 32.

6. Conclusions and Evaluation

The summary tables and figures show the experimental
data and selected calculations accumulated to the end of
1986 for the absolute cross sections for photoabsorption,
partial photoionization for production of electronic states of
ions, and for ionic photofragmentation processes, all as func-
tions of photon energy in the range above the first ionization
threshold to ~ 100 eV. Datator photoelectron asymmetry or
angular anisotropy parameters are also shown. The target
molecules include commonly encountered homonuclear and
heteronuclear diatomics, linear and bent triatomics, as well
as a number of polyatomic molecules of general interest.

In most cases, the original publications provide little
direct information of the author’s assessment of accuracy of
the measured data. However, where several different, inde-
pendent measurements exist (e.g., N,, CO, O,, NO, CO,,
N,O.,...), the degree of agreement and extent of scatter of
data points among the various measurements provides a
critical indication of reliability. Good agreement between
measured data sets is a particularly stringent criterion of
reliability in the present work, because of the unique circum-
stances associated with the two types of methods used, i.e.,
conventional photoabsorption techniques and the corre-
sponding dipole electron-molecule scattering techniques.
These two techniques are based on processes and instrumen-
tation that are completely different, physically distinct, and
totally independent. Furthermore, in almost all cases, their
normalization methods are completely different in both
principle and practice. In the photon experiments, the abso-
lute scale is established from true absolute determinations of
light fluxes and particle densities. In contrast, the dipole
electron-scattering methods utilize Bethe-Born conversion
factors and Thomas—Reiche-Kuhn sum rule normalization
(for subshell) of the oscillator strength scale, with no abso-
lute measurements necessary. The degree of agreement be-
tween results obtained under these totally different experi-
mental circumstances is an excellent indicator of accuracy.
For most of the commonly encountered small molecules
both experimental techniques have been used. and the fig-
ures show that excellent agreement generally exists between
the respective data sets. In these cases, high confidence can
be placed in these data.
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With the above considerations in mind, it can be stated
that in almost all cases the absolute photoabsorption cross
sections (ok,) are considered to be accurate to better than
+ 10% over the energy ranges shown, and in many cases
(N,, CO, O,, NO, CO,, N,0, H,0, NH,, CH,, H,S, CS,,
COS), to better than "+ 5%. Examination of the figures
shows that a few data sets may be less accurate than + 10%
in certain energy ranges, particularly in the immediate
threshold region. Difficulties commonly encountered in
photoabsorption measurements which may contribute to in-
accuracies in measured data include: (i) stray light, (ii)
higher-order radiation, (iii) determination of light flux, and
(iv) determination of target density. The largest errors in
absolute photoabsorption measurements apparently occur
as a result of uncertainties in the measurement of particle
density. In the dipole (e,e) method important sources of
uncertainty include: (i) stray electrons, (ii) validity of shell
separation in TRK sum rule normalization, and (iii) extra-
polation of the high-energy absorption tail to infinite photon
energy.

The situation is mare complex in the case of ahsolute
partial cross sections for photoionization processes (o,
and 0f8). Here, the techniques are more difficult, and the
signals smaller in both direct photoionization methods and
their electron-impact counterparts.

In the case of PES [or (¢,2e)], o/, are obtained from
photoelectron branching-ratio measurements and the abso-
lute total photoabsorption cross section and photoionization
efficiency (or total photoionization cross section). Alterna-
tively, CIS scans suitably normalized using a single set of
branching ratios at a single photon energy are employed. In
order to eliminate angular distribution eftects, the signal is
normally sampled in a small acceptance cone centered about
the magic angle. Such magic angle PES [or (e,2¢)] signals
are necessarily small compared with the partial photoioniza-
tion signals sampled in PIMS [or (e,e + ion) ], which usual-
ly involve collection over all angles. A further source of error
in PES [or (e,2¢) ] is in the accuracy with which the electron
transmission efficiency 7 is known, particularly at lower
electron kinetic energies (i.e., near threshold). Such uncer-
tainties are probably the reason for the near threshold discre-
pancies observed in a few cases; for example, in the o/
measurements reported by different groups for NO and
H,0. However, in most other cases, good agreement has
been obtained from different experiments.

Assessment of the accuracy of measured o4, involves
several considerations. First, the reproducibility of the pho-
toelectron branching ratio or CIS measurements reported by
different groups using the two independent experimental
methods is a good indicator of the accuracy of the primary
measurements. These cross sections are subject to inaccura-
cies arising from the contributions ol multiple ionization
processes and the continua associaled with ionic states hav-

ing steeply repulsive potential energy curves. Weak many-
body ionization states which are cither not observed or im-
properly detected also lead to inaccuracies above photon
energies of ~30 eV." Inaccuracies in the near threshold
regions can arise from nonspectral backgrounds of low ki-

netic energy electrons. Consideration of these effects, togeth-
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er with the reproducibility of the data shown, suggests that
the measured o4, are accurate to within 4 15% in most
cases. However, in the case of ionic states of very low yield,
the inaccuracies are expected to be somewhat larger.

The accuracy of o8 is generally higher than that of
o4, since the fragments are collected over all angles. Fail-
ure to collect all energetic fragments can be a major source of
error in mass spectrometer experiments. The large ion
drawout fields currently used in the source region ensure
complete collection of energetic fragment ions, irrespective
of the kinetic energy of fragmentation. Consequently, the
branching ratios, and therefore the o728 are essentially free of
such kinetic-energy discrimination effects. A further possi-
ble source of inaccuracy arises from failure to detect one of
the fragment ions in double dissociative photoionization
(i.e., AB>" 5> A" + B*). The time-to-amplitude converter
detectors used in both P1MS and dipole (e,e 4 ion) experi-
ments will normally only detect the faster of the two ions
(A*,B*) exiting the TOF tube. Errors due to these effects
are only likely to be significant for valence-shell processes
above photon energies of 40-50 V. A consideration of these
factors and of the data presented leads to the conclusion that
the of™# are accurate to within + 10% for all except the
lowest abundance ions.

It is evident from the figures that the calculated partial-
channel photoionization cross sections reported provide val-
ues that are, in most cases, in sensible accord with the mea-
sured values. A useful comparison between static-exchange

and X-alpha results is given in the case of H,. Generally,
when results of these two methods differ significantly (e.g.,
N,O, CS,, OCS), the static-exchange results are in better
accord with measured values. Discrepancies between mea-
sured values and single-channel, static-exchange calcula-
tions can generally be expected in threshold regions, where
polarization effects, possible non-Franck-Condon behavior,
and contributions from autoionization, all neglected in the
ab initio studies, are important. Additionally, channel-cou-
pling effects, particularly in threshold regions and in the
presence of two or more intravalence excitations, and the
failure of the Koopmans approximations for molecules con-
taining heavier atoms, can lead to discrepancies between
measured values and static-exchange calculations. It should
be noted that the single-channel, static-exchange approxi-
mation will provide reliable cross sections in the high-energy
limit, even in the presence of the complicating factors indi-
cated above, provided the intensity-borrowing effects of
higher-lying many-electron ionic states are accounted for by
using appropriate spectroscopic factors. Finally, the preci-
sion with which static-exchange cross sections can be calcu-
lated at present is indicated in those figures containing re-
sults from two or more groups for a given cross section.
There are some significant differences between static-ex-
change calculations in open-shell molecules (NO, O,) and/
or in channels that include shape-resonance features (e.g.,
NO, O,, CO,), in which cases the cross sections are particu-
larly sensitive to both initial- and final-state wavefunctions.
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Fi16G. 10. Total photoabsorption cross section for H,: (a) low-energy range, (b) high-energy range.
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F1G. 13. Total photoabsorption cross section for N,: (a) low-energy range, (b) high-energy range.
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Fi1G. 18. Total photoabsorption cross section for O,: (a) low-energy range, (b) high-energy range.
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FIG. 19. Partial photoionization cross sections for O,; (a) final ionic state = X 2[1,;*, (b) final ionic state = a*I1, + 4 *IL,,, (c) final
ionic state = 5“2,

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES

Wavelength (nm)

20 100 50 40 30 25 20 18
L [ _miel3
154 | ¢ “Holmes 198
T v v McCoy 218
1.0"' : v n_!v_g_ ______
. : v!’d" v
xQJ_ 0.5- ; \ Vy/’ (0)
i \ /
O.OJ § N/
| Y
057 &gbe *lar =N 2+
0, (Irc . ) XN :
—1-0 y — T T T - T
2.0  — L 1 ] ! ' A
: ___Dittman 175
154 o Holmes 198
Poe
1.0J :
: 5 ®)
+ :
o 0.54 § O o emmm—mmm=m=
Q. P _emm T
0.0 .,/’Q
v o
—0.5- P o 0.5~ a*. + A u
i 2 \UTT, atl u
—1.0 1 | T T T T
2.0 . ~ L 1 1 | - l. 1
i ___Dittman 175
1.5 i ¢ Holmes 198 |_
1.0- : .
n 05 §‘| ,—"““ (C)
Q. B i -
5\° ¥
0.0 4
—0.5- e ot ae —
-100 . T T T T T 1
10 20 30 40 50 60 70

Energy (eV)
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FIG. 21. Partial photoionization cross sections for O,; (a) final ionic state = B2, (b) final ionic state = ', +¢'2,7, (c) final ionic
state = 23 .
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FIG. 22. Partial photoionization cross sections for O,; (a) PES peak at 33 eV, (b) final ionic state = “2; .
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Fi1G. 23. Partial ionic photofragmentation cross sections of O; (a) product ion = O;*; (b) production = O™.
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F1G. 24. Total photoabsorption cross section for CO: (a) low-energy range, (b) high-energy rangc.
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F1G. 25. Partial photoionization cross sections for CO; (a) final ionic state = X 23, (b) final ionic state = 4 2T, (c) final ionic
state — B23 %,
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FIG. 26. Photoelectron asymmetry parameters for CO; (a) final ionic state = X?3+, (b) final ionic state A *Il, (c) final ionic

statc — B2E T+,
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FIG. 27. Partial photoionization cross sections for CO; (a) final ionic state = C2Z™, (b) final ionic state = W (PES peak at 32 eV), (c)
final ionic state = 2% (PES peak at 35 — 45 eV).
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F1G. 28. (a) Partial photoionization cross section for CO, final ionic state = W + 23 (PES peak a1 30- 44 ¢V); (b) Partial ionic photofrag-
mentation cross section for CO, product ion = CO™. (c) Partial ionic photofragmenintion cross section for CO, product
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FIG. 29. Partial ionic photofragmentation cross sections for CO; (a) product ion = O™, (b) product ion = CO**, (c) product ion = C**.
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FI1G. 30. Total photoabsorption cross section for NO: (a) low-energy range, (b) high-energy range.
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FIG. 31. Partial photoionization cross sections for NO; (a) final ionic state = X' 'S+, (b) final ionic state = 5711, (c) final ionic sta-

te = cI1.
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FiG. 32. Pﬁotoelectron asymmetry parameters for NO; (a) final ionic state = X '3+, (b) final ionic state = b1, (c) final ionic

state = 1.
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FIG. 35. (a) Partial photoionization cross section for NO, final ionic state = *I1 + 'II; (b) Partial ionic photofragmentation cross
section for NO, product ion = NO™*.
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FIG. 36. Partial ionic photofragmentation cross sections for NO; (a) product ion = N+

, (b) product ion = O™, (c) product ion = NO?*.
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FIG. 37. Total photoabsorption cross section tor CO,: (a) low-energy range, (b) high-energy range.

63

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



64 GALLAGHER ET AL.

Wavelength (nm)

10'0 7E 59 49 .3‘0 2|5
Pooo Padial 225 |5
15 - Lucchese 210
o -.-Swanson 247 _ &
o o Samson 236 >
O x Brion 147 10 ©
T 104 A& Gustaffson 188 By
o o
NI N
; © |
S 5- . 5 9
e 1 T DR TxXx| O
: CO,*(tm ™) X*11,
0 : T T T T 0
30 1 1 L 1 1 1
-~ 25 i oA, Lucchese 210
NE R o Samson 236 o
G 5p- : x Brion 147 -20 -,
° Gustaffson 188 N‘D
\% 15 : b -1 ‘9
104 10 L
N A =
b 54 b X % L5 ©
H - - b
i CO," (i, ) A", + (30,7) BZ,
0 T T T T 0
6 -1 1 |' 1 1 1
X = Brion 147J (C) L5
—~ 5 : x X
& L4-i(\
ng 4 X x X % 3 %
7 o
é 3- X X xxx x X i--3 b
S—r”’ x L O
b 2 X x 2
% e i x X %
2 X - + IS
5 4] fox CO,*MET |1 %
j 2 -40eV
0 T T T T -0
10 20 30 40 50 60
Energy (eV)

FI1G. 38. Partial photoionization cross sections for CO; (a) final ionic state = X *II, (b) final ionic state = 4 1, + B*3,, (c) final
ionic state = PES peak at 22-40 eV,
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F1G. 39. Photoelectron asymmetry parameters for CO,; (a) final ionic state = X 2l'Ig,( b) final ionic state = 4 °I1,,, (c) final ionic
state = B?Z .
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FIG. 40. (a) Partial photoionization cross sections for CO,, final ionic state = C?Z.,, (b) photoelectron asymmetry parameter for CO,,
final jonic state = C?Z,.
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FI1G. 41. Partial ionic photofragmentation cross sections for COy; (a) product ion — CO;", (b) product ion — CO*, (¢) product
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F1G. 42. Partial ionic photofragmentation cross sections for COs; (a) production = C™, (b) product ion = CO?" , (c) product ion = C**.

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



69

CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES

+UOTJBZTUOT 9DUSTRA IUUT WOy SUTSTIE S°IBIS Apoq-Ausw = TAWp

75 -€1 gV X — xy3S L L1861 uuruIay w61
1€ -61 N0 ONC O 0PN av a q v86 1 uosmeg LET
1€ -61 0g'vx 24°VX WN d cl £861 aTepsanI] 8¢
0L -61 ORE: B A4 2°9°VX -— Lo’ L €861 uos 18D 961
0L -61 2e°VX 2°4VX AN d q €861 uosTIeD 961
9L =11 N0 SN LON 4 OXN YAL a1 4 0861  WOOWRITH 6T
v. -8 Ve AAL d1a ct 0861 3202423 TH G611
09 —L1 elAH AR 470GV X WN aia q 861 uoT 19 LyT
09 -L1 A RN a1a q 8.61 10T 3g Lyl
052-9¢ / av d q 8L6T 310D 791
021-6¢ A av d ! LL6T  Q®BUTIAY @Pp 0LT
0L -L1 4 av d ! €161 991 80¢
(42) o8uel sjuswgSely oATIBIDCSSTIP sTer3aed uo;jezITewiou
48a2ua 21835 pue Suol JIB[NDIIOK oTJ1oods @3E3IS 3qv TeauswTIadxy POUI2R L/8 1e2% 1oyiny aouL 1839y
uojoyqd
selag SUOT]09§ €S01)
*0ly 103 ®3lEQ ‘g ®TqE]L

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



70 GALLAGHER ET AL.

Wavelength (nm)

100 75 510 410 3IO 2;5
1 1
X = Hitchcock 185 [~
: 0 =Brion 147
40.0 é x - N O +=lee 208
: X n 2 ¢ = Cole 164
Pox . F % A = deReilhac 170
: ¥ :
. o u
30.0 S * Aﬂﬂw’%
& S
O : ++ X
?- X A + Xx
O : <>+ =
= 2004 | &gf
F x : o Oﬁ‘xﬁx_ﬁ
b o o™
b
10.0 i
0.0 : T T I
10 20 30 40 50
Energy (eV)
Wavelength (nm)
0o 20 0 e ; 5
20. x = Hitchcock 195
NZO 0 = Brion 147 i
~ +=|ee 208
“c 15.0 o = Cole 164
m(.) 4 = deReilhac 170
O 10.0- i
N
g oX ()
0 -
b° 5.0 OOA
A A A
LSRR RPN
0.0 . ; 0
50 100 150 200 250

Energy (gV)

F1G. 43. Total photoabsorption cross section for N,O: (a) low-energy range, (b) high-energy range.
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FIG. 44. Partial photoionization cross sections for N,O; (a) final ionic state = X I1,(b) final ionic state = 4 23, (c) final ionic
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FIG. 45. Photoelectron asymmetry parameters for N,O; (a) final ionic state = X *II, (b) final ionic state = 4 2, (c) final ionic

state = B2II.
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FIG. 46. Partial photoionization cross section for N, 0, final ionic state = C?Z*, (b) photoelectron asymmetry parameter for N,O, final
ionic state = C?3 ™, (c) partial photoionization cross section for N,O, final ionic state = PES peak at 24 eV.
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FiG. 48. Partial ionic photofragmentation cross sections for N,O; (a) product ion = N;*, (b) product ion = O™, (c) product ion = N*+.
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FI1G. 49. Total photoabsorption cross section for H,O: (a) low-energy range, (b) high-energy range.
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F1G. 50. Partial photoionization cross sections for H,Q; (a) final ionic state = X 2B,,(b) final ionic state = 4 24, (c) final ionic
state = B2B,.
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R1G. 52. (a) Partial photoionization cross section for H,O, final ionic state = C?4,, (b) photoelectron asymmetry parameter for H,O, final
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FIG. 53. (a) Partial photoionization cross section for H,0, final ionic state = C 24, extended energy range. (b) Partial ionic photofrag-
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FIG. 55. Total photoabsorption cross section for NH;: (a) low-energy range, (b) high-energy range.
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FiG. 56. Partial photoionization cross sections for NHa; (a) final ionic state = X4,, (b) final ionic state = 4°E, (c) final ionic
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FIG. 57. Photoelectron asymmetry parameters for NH;; (a) final ionic state = X 24,, (b) final ionic state = 4 2E, (c) final ionic
state = B4,.
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FIG. 59. Partial ionic photofragmentation cross sections for NH,; (a) product ion = N*, (b) product jon = H*.
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FIG. 60. Total photoabsorption cross section for CH,: (a) low-energy range, (b) high-energy range.
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FI1G. 64. Total photoabsorption cross section for HF.
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F1G. 65. Partial phzotoionization cross sections for HF; (a) final ionic state = XTI, (b) final ionic state = 4 2Z*, (c) final ionic
state = B*3*.
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FIG. 66. Partial ionic photofragmentation cross sections for HF; (a) product ion = HF™*, (b) product ion = F*, (¢) production = H*.
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FIG. 67. (a) Total photoabsorption cross section for HC. (b) Partial photoionization cross section for HCL, final ionic state = X 2I1.

(¢) Partial photoionization cross scctiou for HC), final iouic stale = A °Z ™.

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES

Wavelength (hm)

-0 100 50 40 30 25 20 16
' x =Daviel 169 |- 6.0
6.0 : xX
P . X
™~ : X + - 5.0 e
g 5.0 E x*%( HCI™ MET '>
T 40 Y | F 40
I U - H x’?s( 1
O H X
= Poox - 308
E 3.0 e X e
b x - 205
§ 2.0 : X Xx B
©  4o- @ t1wo®
P X
0.0 T T T T T T 0.0
2 o I: R - 1 1 [} 1 L 2 0
: ,/"“\‘ -1 :
154 i ;\\o ©o, HC|+(27\' ) X | 15
e N g o
109 i o \ om0 O - 1.0
x ; [o] ‘\ (o] /”’
0.5 \ -7 - 0.5
: \‘ oo ’olo
: \ d
0.0 i N (b) - 0.0
—057 ___Carison 157 [ 70
i © Carlson 157
—1.0 T | T T T ""'1.0
2.0 1 : 1 1 L L L 1 2.0
154 e HCI*(50™") A’Z*| 45
g ,/' \6\ 00 g -0 (o] q
104 7 0 N T Lo o6 ° - 1.0
< : o \\ cb,,' -
Q. 0.5+ i oo Mo - 0.5
‘o
0.0- i (© - 0.0
—0o7 | ___Carison 157 [ 79
: o Carlson 157
-1.0 T T T T 1 T -1.0
10 20 30 40 50 60 70 80

Energy (V)

FIG. 68. (a) Partial photoionization cross section for HCI, final ionic states = many-body states arising from inner valence ionization.
(b) Photoelectron asymmetry parameter for HCJ, final ionic state = X L. (c) Photoelectron asymmetry parameter for HCI,
final ionic state = 423+,
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Fic. 69. Partial ionic photofragmentation cross sections for HCl; (a) product ion = HCIY, (h) product ion = C1¥, (¢) product

ion =H™.

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES 101

Wavelength (hm)
20

100 50 25 15
60— ¥ x = Brion 144
~ 5o \ % HBr 0 =Brion 144 _50::\
o~ . ¢ B |
S . -40 5
S s0q FR @ ¥
' : 30 ©
£ 304 2 &
- 20 L
A2 :
10 L0 ©
0 T +-0
50 'l 1 1 1 1
: ot Boyle 142
HBr*(In™)X*N | Z__Carison 155 [-40
o~ 40+ : X Brion 144 o
NE © Carison 155 >
o : + Grimm182 [30 ©
1 : )
: o
2 20 S 20 &
: LuJ
" s k N
b 10J § —10 %
X
0 : -0
‘]4 L 1 1 1 1
. aes Boyle 142 12
12 : HBr* (30 )A®*XL" | -__Carson 155
o ( ) x Brion 44 10
£ 104 ix 4 o Carlson 155 >
G PO + Grimm182 Lg ©
T 87 - ¥
AN R s ©
< 1y Ll
o 3 =
b.s 4 4 %
2] =)
0 -0
0 100

F1G. 70. (a) Total photoabsorption cross section for HBr. (b) Partial photoionization cross section for HBr, final state = X ?I1. (c)
Partial photoionization cross section for HBr, final state = 4 2.
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FIG. 71. Partial photoionization cross section for HBr, final ionic states = many-body states arising from inner valence ionization.

(b) Photoelectron asymmetry parameter for HBr, final ionic state = X 1. (c) Photoelectron asymmetry parameter for
HBr, final ionic state = 47X ™.
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Fic. 72. Partial ionic photofragmentation cross scctions for IIBr; (a) product ion — IIBr*, (b) product jou = B1~, (¢) product
ion=H%,
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Fi1G. 73. Partial photoionization cross sections for HI; (a) final ionic state = X 21, (b) final ionic state = 4 2=+,
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F1G. 74. Photoelectron asymmetry parameters for HI: (a) final ionic state = X [1. (b) final ionic state = 4?3 +.
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F1G. 75. Total photoabsorption cross section for H,S.
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FIG. 76. Partial photoionization cross sections for H,S; (a) final ionic state = X 2B,, (b) final ionic state = 4 *4,, (c) final ionic
state = B2B,.

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES

Wavelength (hm)

FiG. 77. Photoelectron asymmetry parameters for H,S; (a) final ionic state = X °B,, (b) final ionic state = 4 24, (c) final ionic
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FIG. 78. (a) Partial photoionization cross section for H,$, final ionic state = C, (b) photoelectron asymmetry parameter for H,S, final
ionic state = C. (c) Partial ionic photofragmentation cross section for H,S, product ion = H,S™.
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FIG. 79. Partial ionic photofragmentation cross sections for H,S; (a) product ion = HS™, (b) product ion = S+, (¢) production = H*.
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FiG. 80. Total photoabsorption cross section for CS,.
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FIG. 82. Photoelectron asymmetry parameters for CS,; (a) final ionic state = X 2I1,,, (b) final ionic state = 4 *I1,,, (c) final ionic
state = B’3,.

115

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



116

GALLAGHER ET AL.

Wavelength (nm)

0 10|O 59 4—9 3'0 2? 29
Dierckson 173
CS,*C*x ___Carlson 158 _ 8
55\ 8 27 " 5 Carison 188~ | &
x°  §- L6 ©
T 3 ~
o @ R
~ .2
4,_
[&] - %
2 N
b 24 ) 5
0 \"“""‘3““? ————— q 0
20 L - 1 1 1 1 R
+ A2 2 x = Carnovale 163
: 0=_C 58
cfg 5 P C82 C Zg +D I'lu arlson 1 5~
auo i éx l>
. f ® :
2 : -10 7
104 Xy o
a N
+ x %
° ¢ 5 Xx L5 O
o Oxc 5
0 P ucdta o o o g .
3.0 L - 1 1 1 1 1
. o=Carlson 158 | , &
—~ 257 Cs,” DT, -
: ~- 2.0 !
.,.g 2.0~ © >
© i N
1 : [ o
O 159 P o 15 5
- =
° 3 10 °o - 10w
b.- (o} h
0.5 - 05 O
' o]
: °%o ° 4 g
00 7 T - =t 0.0
10 20 30 40 50 60 70

Energy (V)

FIG. 83. (a) Partial photoionization cross sections for CS,; (a) final ionic state = C 22g, (b) final ionic state = C 72g + D1, (c) final
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F1G. 86. Partial ionic photofragmentation cross sections for CS,; (a) product ion = CS2+, (b) production =S, (c) production = C+,
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Fic. 87. Total photoabsorption cross section for OCS.
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FiG. 88. Partial photoionization cross sections for OCS; (a) final ionic state = X *II, (b) final ionic state = 4 *[1 + B>Z*, (c) final
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FIG. 89. Photoelectron asymmetry parameters for OCS; (a) final ionic state = X *II, (b) final ionic state = 4 *II, (c) final ionic
state = B23*.
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F1G. 90. (a) Partial photoionization cross section for OCS, final ionic state — C 23+ _(b) Photoelectron asymmetry parameter for
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FIG. 92. Partial ionic photofragmentation cross sections for OCS; (a) product ion = CO*, (b) production = O™, (c) product jon = C*.
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F16. 95. Total photoabsorption cross section for SF,: (a) low-energy range, (b) high-energy range.
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F1G. 96. Partial photoionization cross sections for SF¢; PES peak at (a) 15.7, (b) 17.0, and (c) 18.3 eV.
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FiG. 97. Partial photoionization cross sections for SF; PES peak at (a) 19.7 and (b) 22.5eV.

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



134

GALLAGHER ET AL.

Wavelength (hm)

100 75 50 40 30 25
1 :l 1 1 1 L 2'0
+ -1
154 @ SF(It,™) L 1s
1.0- ] - 1.0
3
4 054 T - 0.5
Q. g - ’ %
0.0 -3 );* * L 0.0
e
—0.5- ___Dehmer 171 [ 79
% Dehmer 171
-1.0 T T T T -1.0
2.0 —L L + ' ' 2.0
i +
154 0 SF - 15
1.0 |P=1/.0 eV L 1.0
3 :
& 0.5 A - 0.5
Q. g ’/ \*\‘}(_99('
0.0 R %3¢ L 0.
szng.go?”‘ 0.0
V7
059 4 ___Dehmer 171 [ 79°
: % Dehmer 171
—1.0 T T T T —'1-0
2.0 1 1 : . 1 N —_l 2.0
+
154 © i SF - 15
1.0 : l P = 183 eV L. 1.0
% :
L) H »
@ 0.5 : x - 0.5
= o0 : % 0.0
0 T * —~ 0.
Pl
—0.5- ! -—0.5
10 ¥ =Dehmer 171 0
—L T T T | -l
10 20 30 40 50

Energy (eV)

F1G. 98. Photoelectron asymmetry parameters for SFg; PES peak at (a) 15.7 (b) 17.0, and (c) 18.3 eV.

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES

Wavelength (hm)

135

100 75 50 40 30 25
2.0 L 1 ; 1 i i 1 2.0
*lay =1
1.5- (O) : SFs (1tzg ) - 1.5
R 1.0 IP=197¢eV L 10
(] H
@  0.5- . - 0.5
N} ; *% _.
0.0- R - 0.0
ol
057 2/ ___Dehmer 171 793
: % Dehmer 171
-1.0 T T T T —1.0
2.0 1 1 : 1 1 1 1 2.0
; + -1
154 © g SF, (4t ) | 15
N /
1.0- I/' IP=225¢eV | ¢p
% H !
. L
g' 0.5 f\\ ! - 0.5
Q‘ § \\ ]’Ié *
0.0"‘ : \ * = 0.0
&
=059 ___Dehmer 171 70
% Dehmer 171
-1.0 T T T T -1.0
10 20 30 40 50

Energy (eV)

FIG. 99. Photoelectron asymmetry paramcters for SFg; PES peak at (a) 19.7 and (b) 22.5 <V,

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



136 GALLAGHER ET AL.

Wavelength (hm)
ol 0 3 20 0 2 10
: " x =Hitchcock 197 | 449
&'E\ 100 SF, / SF, 0 = Masuoka 216 =
X .
° 80 ~.
N @ °
2 604 % xx oo
~—r X
N B o
B 40 & o
o 20 « |20 B
C o 0
0 l t T T ° o |° (o] 0
81t ' 1 \ . | ,
§ x = Hitchcock 197 [~7
77 SF*/SF. |o=M X
55 6 % ./ SF, =Masuoka 216 | o
i |
e o -5
— 5_
o * x ®) L4
:/ )g)Sngs(x . &=
34
i X X % -
"5 2 X, 28
5 ©
1- S coq B
0
o+—X— : | | ° o,
25 : L L 1 1 1 1
- X = Hitchcock 197
& 204 X SF; / SFG 0 =Masuoka 216 [~20
= £
O X o C
n e
'ED 15 X (C) 15 0"0.)
N x D
= ~—
£ 10- X 10 &
z w0 =% e
@ X L/
Baf x0T s 5
b ° 4 o
X o o o
0 e : : - _ [ .

Energy (eV)

FiG. 100. Partial ionic photofragmentation cross sections for SFg (a) product ion = SF;", (b) product ion =SF;*, (c)
product ion = SF;".

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES

Wavelength (nm)

137

,_50 30 20 15 10
X x = Hitchcock 197 |-6
+ =
‘{E\ 6 x SF,*/ SF, [ ©=Masuoka216 L~
1
O 5 X x L
o R
e I @ Iy
N "3E
E X =
E 2 - X R __2{
g —
6 1 X o, . 5
0 o o
\;gzx ° o
° ' ' ! T T 0
6 L 1 1 ¢ : ,
* + x = Hitchcock 197 L5
& 9 ){x SF / SI':6 o =Masuoka 216 ~
& X% na
A I © '3
T " K
8 34 % X X -3 :Q
|
¥ 2 -2 1l
6 _2 < o Y
L ° o %
b 14 y o ) ,
%
0 > l : | , | .
2.5 . 1 L 1 . R
x = Hitchcock 197
o= - 2.0
&> 2.0 L S*/ SF, Masuoka 216 .
5 X % 1
e e © L 15
T 1.5 X XX ;
) X oo x
z 10 & ° o L 10 &
z 07 x =
w o . "
c
b’g 0.5_ X | 0'5 %
X
o0 I ' J T T 0.0

Energy (eV)

FiG. 101. Partial ionic photofragmentation cross sections for SFy; (a) product ion =

ion=S".

SF;", (b) product ion = SF™*, (c) product

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



138 GALLAGHER ET AL.
Wavelength (hm)
o 50 30 20 15 10
" | x =Hitchcock 197 o© o -~
3.5— 0=
— Masuoka 216 o (O) .
3.0 °
§ "1 rt/sF °
w25 6 B
I L
£ 204 *
T 151 X -
[T
b.§ 1.0 X -
0.5- X -
0.0 T T T T T
1.4 1 - i 1 1 1
x = Hitchcock 197 -
&> 1.2+ ©=Masuoka 216 (b)
- 2 B
+ [o]
o° 1.0 SF, / SF, o ©
g/ 0.8+ x % °
T 0.6 X i
g R °
& 0.4 Ry -
H X
o 0.2- %X -
X(X
0.0 T T T T 1
0.30 1 i ', 1 1
0 =Masuoka 216 ( ) L
& 0.25- 2+ C
£ SF, / SF . o
O [e} o =
2 0.20 o
o e |
< 0.154 o
g 0.10 ° B
g o L
5. 0.05-
0.00 T T T 1B —
20 40 60 80 100 120 140

Energy (eV)

W
o o

PN
o O

5 o
df/dE (1072 eV

o o
o O

(=] o o o bl o
N PP ® 0 O b
df/dE (107% V™)

o
o

°© o o
s 8 B
df/dE (1072 eV ™)

o
pare
o

F1G. 102. Partial ionic photofragmentation cross sections for SF,; (a) production = F*, (b) product ion = SF2*, (¢) product jon = SF2*,

J. Phys. Chem. Ref. Data,

Vol. 17, No. 1, 1988



GionSM(2+ (1 O—wcmZ)

0_“mSF(2+) (10-1acm2)

U;OHS(2+) (10—1scm2)

FIG. 103. Partial ionic photofragmentation cross sections for SF; (a) production = SF; *, (b) product ion = SF?*, (c) product ion = $?+,

CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES

Wavelength (nm)

20

s

10

oo 2
o N P
L |

0.8
0.6
0.4
0.2
0.0

X = Hitchcock 197
© =Masuoka 216

20
0.30

40

T T
60 80 100

L L 1
o = Masuoka 2168 |

0.25

0.20

0.15

0.10

0.05

0.00

SF**/ SF,
)

0.35 1

0 = Masuoka 216

0.30
0.25
0.20
0.15 1
0.10

0.05

S**/ SF,
©

0.00
20

40

T T
60 80

Energy (eV)

T T
100 120 140

= o
o b

o
df/dE (1072 ev™")

o 9o O
[CR U -]

o
o

© o o o
a o 8 B
df/dE (1072 eV ™)

o
o
o

0.00

0.30

)

o
)
o

df/dE (1072 eV~

1

0.20

0.15

(@)
pare
o

0.05

0.00

139

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



GALLAGHER ET AL.

140

*16107 *3°9 ‘198uy pue uosweg 03

PeZITeRWaOU3X 3a1sm e] Blp

08-21 47010414, T ) qv d cl 9861 uosweg Z€T
08-21 / v d q 9861 uosueg €T
$9-21 v ‘X qvx —_— 0y I €861 gUOSTaEY) 191
0/-81 4°v‘x VX HN d q €861 gUOSTIB) 191
(a@) @8uex sjuauBea 0SS}
J ®ATIETOOSSIp sieraaed UOT3leBZTITRWIOU
481903 S3E3S pue SuOl JIBINI3TOR O13109ds 83eag sqv TejusutIadxy pou3IsR L/4 €9 loyany SdURIa3Y
uojoyd
sejeg SUO0T-09¢ §s0a)
*Cyy 103 ®IRQ ‘81 a1qel

J. Phys. Chem. Ref. Data, Vol. 17, No. 1, 1988



CROSS SECTIONS FOR MOLECULAR PHOTOIONIZATION PROCESSES 141

Wavelength (nm)

100 50 40 30 25 20 16
100 _ 'I { { | i | |
° 0 =Samson 232
i o |80
0
80 b o Cl,
o : L 60 €
£ 60 >
« : By
o s o
= : 10\
3 407 ' =4
© ©
20 -20
RRmENrnON0000000000000 0000 0 O O (
0 | T T 0

0 10 20 30 40 50 60 70 80
Energy (eV)

FiG. 104. Total photoabsorption cross section for Cl,.
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