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Abstract: Photoionization cross-sections and angular distributions within the orthogonalized plane-wave approximation have
been calculated for Ne and the ten-electron first-row hydrides HF, H,0, NH3, and CH4. The calculations are appropriate
for photoionization of randomly oriented molecules with an unpolarized photon beam. Three types of cross-sections are pre-
sented: (i) specific differential photoionization cross-sections for electrons emitted normal to the photon beam, o, (ii) total
differential photoionization cross-sections for electrons ejected normal to the photon beam, o ', and (iii) total photoioniza-
tion cross-sections for electrons ejected in all directions, . Variations in computed cross-sections and asymmetry parameters
(8 as a function of the kinetic energy of the photoelectrons for incident photon energies ranging from threshold to 1500 eV are
discussed and possible interpretations are proposed. Relative experimental photoionization band intensities obtained with Ne

I, He I, He 11, and Mg Ka radiation sources and asymmetry parameters 3 obtained with He I radiation are compared with

computed o, and 3 values.

I. Introduction

The photoionization cross-sections of the ten-electron
first-row hydrides CH4, NH3, H,O, and HF are of funda-
mental importance in studies of atmospheric and astrophys-
ical processes and in analysis of photoelectron spectral
(PES) band intensities. Photoabsorption of vacuum ultravi-
olet solar radiation leading to photodissociation and pho-
toionization plays a significant part in the heating and
structure of the atmospheres. It is directly responsible for
the ionosphere and contributes significantly to molecular
dissociation and heating of the atmosphere above 100 km.2
Since all gases have high photoabsorption cross-sections in
the short wavelength end of the spectrum, it is expected that
similar processes take place in planetary atmospheres other
than that of the earth. CH4, NHs, and H,O are common
constituents of the atmospheres and although HF is not as
common, traces of it have been observed in the atmosphere
of Venus.? With regards to PES, it is possible to use the
variation in differential photoionization cross-sections as a
function of energy of the incident photons as a criterion for
spectral assignments.* The ability to predict photoioniza-
tion cross-sections is very important in PES, for spectral as-
signments should be consistent with regards to intensity as
well as energy analysis of the bands.

In this paper we present the calculated differential pho-
toionization cross-sections and angular distribution parame-
ters for the ten-electron first-row hydrides and neon and
compare these with the corresponding relevant experimen-
tal quantities. Three different types of cross-sections are
presented. (1) The specific differential photoionization
cross-section (do/dQ); is a measure of the humber of elec-

trons emitted from orbital j per unit time per unit solid
angle Q. Since the most common experimental arrangement
involves randomly oriented molecules and collection of pho-
toelectrons through a slit centered normal to an incident un-
polarized photon beam, we have calculated the correspond-
ing averaged specific differential cross-section, henceforth
referred to as o . (2) The total differential cross-section
o ' has been calculated as the sum of the specific differ-
ential cross-sections for the experimental conditions de-
scribed in case 1, i.e. ¢, = 3,0, where i represents a
summation over all occupied orbitals. (3) The total specif-
ic cross-section o is a measure of the number of electrons
emitted from an orbital per unit time in all directions. We
have calculated the averaged ¢ corresponding to randomly
oriented molecules and unpolarized incident photons. In
order to observe the dependence of ¢, and ¢ ' on photon
energy, calculations were performed for various photon
energies between threshold and 1500 eV; plots of ¢, and
o, '° vs. incident photon energy are presented for Ne, HF,
H,O, NHj3, and CHy. These cross-sections are compared to
relative experimental band intensities as obtained from Ne
I, He I, He 11, and Mg Ko radiation sources. The ¢ and the
angular distribution parameter 3 are computed only for the
four sources listed above. The calculated 3 values are com-
pared to those obtained from experimental determinations
using a He I radiation source.

The cross-sections and angular distributions are calculat-
ed in the plane-wave (PW) and orthogonalized plane-wave
(OPW) approximations according to the theoretical equa-
tions derived by Ellison’ and applied by Rabalais, et al.® 7
Some of the most important elements of a cross-section cal-
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culation are the initial and final state wave functions, the
latter containing a one-electron function representing the
ionized electron. A plane-wave PW is the easiest and sim-
plest approximation to this one-electron continuum function
and serves as a useful first approximation for the cross-sec-
tion.-10 The PW approximation is known to be inaccurate
near threshold. It can be improved by Schmidt orthogonali-
zation of the PW to the occupied ground-state bound orbit-
als, hence the OPW approximation.5-"!! The OPW helps to
reflect the influence of the attractive molecular potential on
the outgoing electron.

In section II we discuss the theoretical concepts and
equations used in calculating the cross-sections and angular
distributions. Section III is a brief description of the experi-
mental measurements of photoelectron band intensities.
Section 1V is a discussion of the results obtained from ¢
and 8 computations. In section V, we consider the ¢ 't and
o results. The conclusions are summarized in section V.,

I1. Theoretical Method

A. Photoionization Cross-Sections. The expression for the
differential crass-section for production of photoelectrons in
the solid angle dQ is?

2 {
g% = o ke ([0, ¥) o(B) (1)

We define the initial state ¥ as a Slater determinant of
doubly occupied orthonormal MO’s ¢, The final state ¥;
must be representative of the molecular ion and the free
electron; using the frozen orbital approximation, ¥; is given
as a linear combination of two Slater determinants resulting
in a spin singlet in which one electron has been promoted
from the MO ¢; to an unbound normalized plane-wave or-
bital

‘PW(k» — L-B/Zeik-r (2)

where L is the edge length of a large cubic box. The magni-
tude of the wavevector & and the resulting density of states
pare

k= [2m(iw - IP)V/n ®)
and
p(E) = mkL?/ @1 (4)

respectively, where IP; is the ionization potential of MO ¢;.
Substituting eq 2 and 4 into eq 1 yields

do e’k L’ | ’
dat T 2imcnitw B Pyl 5)

where the quantity within the absolute value signs is the dot
product of the polarization vector x of the incident radia-
tion with the transition moment integral Pg; Since the
plane-wave is an eigenfunction of the momentum operator
p» = (B /i)V with eigenvalue Ak, Po; can be expressed as

Py, = 21/2ﬁ[k<¢>j\PW(k)> + i>;<¢jIVT¢,><m,\PW<k)>]
(6)

Terms with / = j may be omitted from the summation over
occupied MO’s ¢; since the mean value of the electron mo-
mentum is zero for bound states. The important point con-
cerning eq 6, as emphasized by Lohr,!! is that it represents
the unbound electron not as a simple plane-wave (PW) but
as a plane-wave which is orthogonalized (OPW) to all oc-
cupied MO’s ¢, The LCAO (linear combination of atomic
orbitals) approximation is used for the MO’s with the initial

basis x, defined as Slater type atomic orbitals (STO’s).
Since the analysis is heavily dependent on rotations and
properties of angular momentum, it is expeditious to trans-
form to a complex AO basis defined with angular factors as
spherical harmonics.

The basic components in eq 6 are the overlap integrals
connecting the AO x, with the plane-wave PW (k) and the
gradient matrix elements connecting MO’s ¢; and ¢, The
plane-wave can be expressed’ in terms of the coupling equa-
tions for spherical harmonics Y;,, and Raleigh’s expansion
into spherical Bessel functions. The resulting overlap inte-
gral contains spherical Bessel functions and STO’s. The
gradient elements are related to a linear combination of
components of transition moments connecting the MO ¢,
with all other occupied MO’s ¢,.

The expansion of eq 5 and 6 and derivation of the compo-
nents are detailed in ref 1-3; only a brief summary is pre-
sented here. The square of the dot product between the po-
larization vector and the transition moment |u-Pgf? yields
real and imaginary components of overlap integrals and
gradient elements. These components are expressed in
terms of spherical harmonics Y;,, spherical Bessel func-
tions jy(kR), Clebsch-Gordon coefficients C(I'l”’l; m'm”),
T functions I'(x), and complex STO basis functions. Since
the most frequently employed experimental arrangement
involves a gaseous sample (randomly oriented molecules)
and collection of photoelectrons through a slit centered nor-
mal to an incident unpolarized photon beam, we have calcu-
lated the corresponding average differential cross-section
o, . This involves averaging over all space defined by the
Euler angles and over all polarization angles of the incident
radiation.

A computer program for the entire calculation is formu-
lated with the ultimate input consisting of the real AO basis
Xu» the LCAO-MO coefficients, the molecular coordinates
for each atom in the polyatomic, the energy Aw of the excit-
ing radiation, and the ionization energy IP; of the occupied
MO’s ¢;. We used experimental molecular coordinates ap-
propriate to the neutral molecule ground states and experi-
mental lonization energies. Molecular wave functions were
all of the ab initio SCF-LCAO-MO type employing mini-
mal bases of nonorthogonal real Slater-type orbitals;!2-14
orbital exponents { were chosen according to Slater’s rules.

B. Angular Distributions. The differential cross-section
d&/dQ for linearly polarized light and randomly oriented
molecules is expressed in either of the two alternative forms
in terms of the total cross-section ¢ and the asymmetry pa-
rameter 3’

do/d2 = (3/47)[1 + %B(3 cos® 6, — 1)] 1)
= (@/4m[1 + Y%B(8 sin® §,”" cos® ¢,/ — 1)]
(8)

where 6, is the angle between the propagation vector k£ of
the ejected electron and the electric vector u of the exciting
radiation and (6;”, ¢x’’) are polar coordinates of k& using
the photon beam as a polar axis. Since d&/dQ = 0, it follows
that 2 = 8 = —1. For unpolarized light, eq 8 is averaged
over all orientations of u, i.e., 0 < ¢’ < 2, to give

/\6>Av = <d6/d§2>Av =
(o/4m[1 — Y,5(8 cos? 8, — 1)} (9)

Here, 8 = 2 corresponds to a pure sin? 8;” distribution, 8 =
0 corresponds to an isotropic distribution, and 8 = —1 cor-
responds to a (1 + cos? 8,”) distribution. The averaged dif-
ferential cross-section for collection of electrons normal to
the incident unpolarized photon beam is
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Figure 1. Specific differential photoionization cross-section o of Ne
as a function of incident photon energy.
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Figure 2. Specific differential photoionization cross-section o, of HF
as a function of incident photon energy.
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Figure 3. Specific differential photoionization cross-section o, of H,O
as a function of incident photon energy.

0, = (Thay, = (0/4M(A + Y,p) 8, = 7/2  (10)

The B and ¢ are calculated along with ¢, from the com-
puter programs of the previous section. The specific equa-
tions for obtaining 8’s and ¢’s are outlined in our previous
papers.>-’

II1. Experimental Aspects

The uv photoelectron spectra were measured on a Perkin-
Elmer Model PS-16 spectrometer modified for use with Ne
I1(736 A), He I (584 A), and He II (304 A) resonance ra-
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Figure 4. Specific differential photoionization cross-section o, of NH3
as a function of incident photon energy.
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Figure 5. Specific differential photoionization cross-section o, of CHy
as a function of incident photon energy.

diation sources. The spectrometer uses an electrostatic de-
flection analyzer which accepts photoelectrons through a
0.006 in. wide slit centered at right angles to the incident
radiation.

Photoelectron spectra were recorded for the three uv ex-
citation sources described above. The relative band intensi-
ties were determined as 4/E%!51¢ where A4 is the total
area of the band obtained by integrating over all its vibra-
tional components by means of a Hruden planimeter and £
is the electron kinetic energy at the band maximum. The
intensities obtained in this manner are only first-order ap-
proximations to the true line intensities for they neglect au-
toibnization phenomena and changes in molecular geometry
and vibronic interaction upon ionization.

Relative line intensities of bands produced by X-radia-
tion were obtained by integrating the peaks in the gas-phase
spectra of Siegbahn, et al.!7 These spectra were obtained
on a double focusing magnetic deflection spectrometer.
Corrections for variation in kinetic energy of the photoelec-
trons were not made, although such corrections for this type
of analyzer are expected to be small.

IV. Specific Differential Cross-Sections and Angular
Distributions

The plane-wave (PW) approximation was used to calcu-
late o | for photon energies ranging from threshold to 1500
eV. Plots of o, vs. A w are shown in Figures 1-5 for ion-
ization of electrons from the filled orbitals of Ne, HF, H,O,
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Table I. Principal Maxima in Atomic Orbital Cross-Sections
as a Function of Electron Energy for Best Atom STO’s®
Principal Principal
Atom STO max, eV Atom STO max, eV
H 1s 8 F 1s 585
2s 25
C 1s 265 2p 60
2s 10
2p 24 Ne 1s 685
2s 30
N 1s 365 2p 72
2s 15
2p 36 (6] 1s 485
23 20
2p 48

@ Best atom Slater type orbitals are obtained from E. Clementi,
IBM, J. Res. Develop., Suppl., 9, 2 (1965).

NH3, and CHy. Due to the longer computer times required,
the orthogonalized plane-wave (OPW) calculations were
carried out only at those photon energies for which we have
excitation sources available: 16.7, 21.2, 40.8, and 1253 eV.
The corrections which the OPW places on the PW method
are indicated as arrows at the appropriate energies in Fig-
ures 1-5. For some curves, no arrows are indicated at these
energies because the OPW correction is negligible.

A. General Shapes of the Cross-Section Curves. The
cross-sections rise sharply near the ionization threshold, go
through a maximum (or in some cases maxima), and then
decrease (usually monotonically) to small values for excita-
tion energies much greater than the ionization threshold.
The initial maximum in the cross-section curves, sometimes
called the “‘spectral head,” is located at Aw ~ (2.0 £
0.5)IP, where IP is the ionization threshold. The rise to the
maximum at the ionization threshold is much too slow in
these plane-wave calculations, for it is known that experi-
mental cross-sections behave more like step functions at the
threshold.

Calculated cross-sections do not all decrease monotoni-
cally after going through an initial maximum; in many
cases, there are additional maxima and minima or changes
in curvature that occur at increasing photon energies. The
two possible sources for these maxima and minima are the
spherical Bessel functions and the atomic orbital composi-
tion of the MO ionized. The spherical Bessel functions are
strongly damped and small compared to unity after going
through their initial minima or maxima. They exert their
greatest influence on intensities only at very low photon
energies, i.e., close to the threshold. In fact, at high values
of k, e.g., k > ~60 eV, we find that two-center contribu-
tions to the cross-section become negligible compared to
one-center contributions. Thus, the curves are best under-
stood in terms of one-center contributions, i.e., the overlap
integral of the AO with the PW multiplied by the net popu-
lation of AO x;, in MO ¢;. Using best atom STO’s, it can
be shown that elements display characteristic maxima in
their AQ cross-section corresponding to the energy at which
the AO-PW overlap is maximized. The principal maxima
in the AO cross-sections for Ne, F, O, N, C, and H are list-
ed in Table I. As noted, contributions of AO cross-sections
to an MO cross-section are regulated by the net population
|cjd 2 of the AO x, in the MO ¢;. We would expect to see
distinct maxima only from AQO’s which have comparable
populations and which have ““characteristic maxima” that
are sufficiently separated.

The initial maxima in the curves occur at low photon
energies. At high photon energies many of the curves exhib-
it additional maxima or changes in curvature. These high-
energy fluctuations are best understood in terms of individ-

ual AO cross-sections. As noted in our previous work,? rela-
tive cross-sections of MO’s in the high-energy region are
mainly determined by their Is character since o1 > 55 or
o2p. These inner Is electrons display characteristic maxima
at several hundred electron volts (Table I); thus, for large
values of the wave-vector &, the magnitude of the overlap
with the PW is much greater for 1s than for 2s or 2p AO’s.
The ¢ (or a) type MO’s all have a small admixture of s
AO character. Therefore, even though the intensities of o
and w valence MO’s are comparable in the low-energy re-
gion, the small amount of 1s character is sufficient to
make ¢ MO’s more intense than m MO’s in the soft X-ray
region notwithstanding the twofold degeneracy of # MO’s.
This distinction between ¢ and # MO’s is not an artifact of
the LCAO or plane-wave approximations.!® The ¢ and a
type MO’s in Figures 1-5 all have small amounts of 1s-core
forced hybridization, which sometimes yield high-energy
maxima and which always yield higher cross-sections than
x, b, or t MO’s in which 1s core is absent.

B. Orthogonalized Plane-Wave Contributions. Inspection
of eq 6 shows that the PW contribution contains a factor £
which is absent in the OPW contribution. Thus, for high &,
the OPW corrections become small compared to the PW
terms. For very small k, the OPW may strongly correct the
calculated PW curves so that they more closely approxi-
mate the step function that is observed experimentally.
These trends are visual in Figures 1-5. The OPW terms all
contain gradient elements (¢>j|VI ¢;), related to bound-
bound dipole transition probabilities connecting the ionized
MO ¢; and a different occupied MO ¢, Thus, we have a
“selection rule” for OPW contributions. the cross-section
for photoionizing an electron from ¢; will be modified by
orthogonalization of the PW to all occupied MO’s ¢; which
combine with ¢; under a dipole operator.

Near threshold, the largest OPW corrections arise from
the overlap of the plane-wave with valence orbitals,
(¢1|PW(k)). The OPW correction is sometimes larger
than the PW contribution in this region. For high electron
energies, i.e., for above threshold, the largest values of the
overlap integral occur with core orbitals. However, as stated
above, the OPW corrections are usually small in the soft
X-ray region. In fact, significant OPW corrections to a va-
lence MO in the soft X-ray region occur only when there is
an intense bound-bound dipole transition {e.g., 1s < 2p)}
connecting a given valence MO ¢; with a core MO ¢,

C. Angular Distributions. The asymmetry parameter (3
and the total specific cross-section o; for ionization from
specific MO’s at various photon energies are presented in
Table II. The total ¢ at any given photon energy is simply a
sum of the specific o;’s. Our calculations yield large varia-
tions in B as a function of photon energy. Most of these
variations can be interpreted in terms of two distinct ap-
proaches. (i) B can be correlated with the most probable
value of the angular momentum quantum number | of the
MO being ionized.” 1920 1t is found that at high photon
energies, 3 = 2 for / = 0 but approaches a lower value, 0 or
—1, for I = 1. (ii) Deflections of B from 2, i.e., the B 0b-
tained from the PW approximation, can be related to OPW
corrections of the PW approximation.” In this approach,
deviations of B from 2 can be predicted from the significant
OPW contributions.

D. Comparison of Theory and Experiment. Relative ex-
perimental band intensities and calculated differential pho-
toionization cross-sections ¢ are compared in Table IIL
Agreement between calculated and relative experimental
intensities is satisfactory. It is well known that the PW ap-
proximation is rather crude when the electron kinetic ener-
gy is low; the OPW correction helps to reflect the influence
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Total Specific Photoionization Cross-Sections o and Asymetry Parameters 8 for Ne and the Frst-Row Hydrides

NeI(16.8 eV)

Theoretical o¢ and 3
He I (21.2¢V) He II (40.8 eV) Mg Ka (1254 V)
d

Molecule Assignment® IP, eV? o° 8 a° 8 Blexptl)e a° 8 v
Ne (2p) P 22.0 0.843 0.785 2.57 0.719
(2s) S 49.0 7.64 2.00
(1s) S 870.0 80.6 2.00
HF (Im) *rx 16.1 0.442 —-0.086 1.02 0.104 3.23 1.73 0.969 1.18
30) =2 18.6 (A) 0.979 0.221 1.98 1.61 1.09 1.66
19.5(V)
(20) T 39.0 (V) 0.394 1.38 6.14 2.00
(le) X 686 78.4 2.00
H:O (b)) B 12.6 1.16 —0.382 1.28 0.319 1.0+ 0.1 229 1.74 0.234 0.0596
(3a) A 13.8(A) 1.14 —-0.269 1.35 0.311 0.3 +01 2.5 1.79 0.931 1.69
14.7 (V)
(1by) B 17.2(A) 0.893 —-0.301 -0.1 0.2 2.29 1.77 0.108 0.358
18.5(V)
(2a)) A, 32.2(V) 1.48 1.96 3.96 2.00
(lap A 540 76.2 2.00
NH; (3a) A 10.2(A) 2.35 1.23 3.37 1.68 3.37 1.95 0.517 1.90
10.9 (V)
(le) *E 15.0(A) 1.38 —0.337 2.09 0.656 2.94 1.86 0.056 1.78
16.0 (V)
(2a)) A 27.0(V) 1.98 1.69 2.48 2.00
(la)) A, 406 59.0 2.00
CH, (1tz) T, 12.6 (A) $5.75 0.614 10.9 1.61 0.6 £0.1 836 1.95 0.0985 0.441
14.0 (V)
(2a)) A, 23.0(V) 0.955 1.93 1.39 2.00
(lan) 2A; 290 37.0 2.00

e The o values include degeneracy factors for the orbital ionized. * Tonic states and ionization potentials corresponding to photoelectron
transitions, A = adiabatic IP; V = vertical IP; no letter indicates A = V. ¢ Total specific photoionization cross-section in units of 10718
cm?, 4 Total specific photoionization cross-section in units of 10-2! cm?2. ¢ Reference 20.

of the attractive molecular potential. Nevertheless, the
steep slopes in ¢ vs. Aw at low electron energy render the
possibility of large errors in comparing relative intensities.
In general, agreement between experiment and theory im-
proves as Aw increases above threshold.

Nearly all experimental measurements of 8 have been
obtained with He I excitation. It is just in this region that

Table III.
and the First-Row Hydrides

the computed § is changing rapidly with photon energy.
Also, of course, the OPW approximation does not properly
reflect the attractive molecular ‘potential, the influence of
which is greatest near threshold. In spite of these reserva-
tions, comparison between calculated and experimental 38
for He I as displayed in Table II is not discouraging. It will
be interesting to see if the calculated features approach ex-

Specific Differential Photoionization Cross-Sections ¢ and Relative Experimental Intensities® of Ne

———————S8pecific differential photoionization cross-sections o | — _—
Mole- Ne I(16.8 eV) He I(21.2 eV) He II (40.8 V) Mg Ka (1254 V)
cule Assignment IP, eV? Exptl Theore Exptl Theore Exptl Theor® Exptl Theor?
Ne (2p) *p 22.0 2.41 0.02 2.41
(2s) S 49.0 0.04 9.13
(1s) 8 870 1.00 96.2
HF (1m) I 16.1 0.682 1.08 1.00 3.19 0.90
(30) 2z 18.6 (A) 0.821 0.41 2.19 1.23
19.5(V)
(20) 2z 39.0 0.421 7.37
(lo) 2z 686 93.6
H:0 (1by) B, 12.6 0.81 0.834 0.85 1.10 0.96 2.62 0.095 0.189
(3ap) 2A; 13.8 (A) 1.0 0.845 1.0 1.15 1.0 2.98 0.26 1.05
14.7 (V)
(1by) B, 17.2(A) 0.85 0.657 0.80 3.17 0.081 0.0933
18.5(V)
(2a1) A, 32.2(V) 1.75 1.0 4.72
(lay) ?A; 540 19 91.0
NH; (3a) 2A; 10.2(A) 2.44 1.00 3.82 1.00 4.00 0.06
10.9 (V)
(le) ’E 15.0 (A) 2.18 2.20 3.92 1.90 6.86 0.11
16.0 (V)
(2a1) A 27.0 (V) 2.24 2.92
(lay) 2A; 406 70.4
CH, (1ts) Ty 16.2 (A) 5.29 12.2 10 9.91 0.27 0.0873
14.0 (V)
(2ay) 2A; 23.0(V) 1.4 1.13 1.0 1.67
(la) %A, 290 20 4.1

e The Ne I, He I, and He II spectra of H;O, NH:, and CH, were obtained in this laboratory. Band intensities were determined from the
average of three spectra as 4/E (see text) and normalized such that the intensity of one of the bands is unity. The He I intensities for HF were
measured from the spectra of C. R. Brundle, Chem. Phys. Lett., 7, 317 (1970). The Mg Ke intensities were measured from the spectra of

ref 17.* A = adiabatic IP;

= vertical IP; no letter indicates that A = V. ¢ ¢ in units of 1071° ¢cm2. ¢ ¢ in units of 10722 cm?2.
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Figure 6, Total differential crass-section o | 1t of Ne, HF, H,O, NHj,
and CHj as a function of incident photon energy.

periment more closely as excitation energy increases; how-
ever, experimental molecular 3 determinations are not yet
available with high photon energies. Certainly, 3 can be an
important parameter for identifying transitions if we can
reproduce it theoretically.

V. Total Differential ¢ , *°* and Total ¢ Cross-Sections

Plots of the total differential cross-section o ' vs. A w
are shown in Figure 6 for ionization of electrons from the
filled orbitals of Ne and the first-row hydrides. The cross-
sections in these curves are a sum of the specific differential
cross-sections for each molecule in Figures 1-35.

The low energy o 't maximum (hw < 60 eV) is due to
the maximum in the sum of the valence MO o | ’s. As noted
earlier, the maximum in this region is due to the overlap of
2s and 2p and hydrogen Is AQ’s with the PW. As expected
from Table I, this maximum shifts to higher energies with
the increasing atomic number of the central atom. The
value of the maximum decreases progressively across the se-
ries CH4 > NH3; > H,O > HF > Ne. This trend is a result
of two factors: (i) the number of hydrogen AO’s in the mol-
ecule is significant in this region because of their low energy
principal maximum (Table I); (ii) the radial extent of the
2s and 2p AO’s in the valence MO’s increases as Ne < F <
O < N < C, providing a larger cross-section.

In the region 50-80 eV the curves cross each other result-
ing in an inversion of the lower energy ordering. This or-
dering remains inverted until the region of the 1s ionization
energies is reached. In this high-energy region, the o |t are
determined mainly by the Is, 1o, or la; MO which is essen-
tially a central atom 1s core AO. The position of the maxi-
mum in this region moves to higher energy as the atomic
number of the central atom increases, in accord with expec-
tations from Table I. As in the low-energy region, the inten-
sity of this maximum increases with decreasing atomic
number of the central atom. However, at the excitation
energies used in X-ray electron spectroscopy (1254 and

1486 eV), the o 't increase with increasing atomic num-
ber. The total cross-sections o listed in Table II exhibit sim-
ilar trends as the o '

It is obvious from the above discussion that the molecule
with the highest cross-section in one spectral region may
have the lowest cross-section in some other region and that
these relative intensities change in a complex manner.

V1. Conclusions

We have shown that the PW approximation is useful for
understanding variations in the photoionization cross-sec-
tions and asymmetry parameters as a function of photon en-
ergy. The OPW corrections to the PW approximation are
most significant near the ionization threshold where the
electron kinetic energy is low; the PW method is generally
adequate (within at most 15%) when photon energies are
much greater than threshold. Agreement between calculat-
ed and realtive experimental band intensities is satisfactory
in the soft X-ray region, but somewhat poorer in the uv re-
gion. The deficiency in the uv region is due to the inadequa-
cy of the OPW approximation near threshold. Agreement
between calculated and experimental 3 values for He I exci-
tation is marginal; we expect better agreement in the soft
X-ray region; however, experimental 3 values for this region
are not presently available.
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