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The absolute photoionization cross sections for the outer gs subshells of argon, krypton,
and xenon have been measured from their respective ionization thresholds to 41 eV as well
as at one point near the ionization threshold of neon. The technique of photoelectron spec-
troscopy was used to determine the ratio of the s to p photoelectrons. Measurements of
the total cross sections and of the magnitudes of multiple-ionization processes allowed an
accurate determination of the subshell cross qections to be made.

Photoionization of the outer s-subshell elec-
trons in the rare gases provides a sensitive test
of atomic theory applied to the photoionization
process. Calculations with single- electron wave
functions predict that the photoionization cross
sections of the outer s shells should be extreme-
ly low at threshold relative to p-shell ionization
(less than about 0.5%). The predicted cross sec-
tions then start to increase reaching a broad
maximum 20 to 30 ev above threshold. " Howev-
er, recent calculations, taking into account the
interaction of electrons within a subshell and in-
tershell interactions, yield completely different
results (random-phase approximation with ex-
change, RPAE). s'4 The threshold cross sections
are predicted to be at least 20 times larger than
the single- electron-model predictions. The
RPAE cross sections are then predicted to drop
rapidly to approximately zero at 10 to 26 eV
above threshold. The purpose of this paper is to
present experimental data supporting the random-
phase-approximation method.

Recently, Lynch et a/. ' have reported experi-
mental results for the photoionization of the 3s
subshell in Ar. Their data show a minimum in
the cross section ixi agreement with the RPAE
theory. However, there is considerable scatter

in their data near threshold that does not allow a
more precise comparison with theory. Further,
the calculated RPAE values with which their da-
ta were compared' have been significantly modi-
fied in the threshold region. 4 %e present here
for the first time detailed experimental results
of the threshold cross sections of the outer ns
subshells of Ar, Kr, Xe, and a single point for
Ne. The technique of photoelectron spectroscopy
was used to determine the ratio of s to p photo-
electrons.

Two sets of data are presented. Earlier data, '
which were obtained with a retarding-potential
electron-energy analyzer, have been reanalyzed,
corrected for electron scattering in the gas, ' and
corrected for the varying electron angular dis-
tribution' in the p shell (the asymmetry parame-
ter P was assumed to be equal to 2 for s-shell
electrons near threshold).

The present data were obtained with a cylindri-
cal-mirror electron-energy analyzer that accept-
ed photoelectrons ejected at 54' 44' with respect
to the direction of the photon beam. ' At this an-
gle there is no collection discrimination caused
by the varying angular distribution. ' In addition
the transmission of the analyzer was calibrated
to within + 5% as a function of electron energy for
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TABLE I. ns/np ratio for the outer n shells of the rare gases. Source lines
preceded by an asterisk were produced by a condensed spark discharge in neon.
The other source lines. were produced in a dc glow discharge in He and Ne and a
dc arc in Ar.

Source line
x(A) Xe

ns/np Ratio (%)

Ne

243. 027 He II
303.786 He II
379.31 Ne III
406. 50 joe II
416.198 Ne IV

446. 4 Ne II
460. 7 3 'Ae II
469. 817 Ne IV

~ 501.0 Ne (r)

518.5 ~z II
521.742

Ne IV
521.813

522. 208 He

~ 526. 4 Ne (?)

5. 7 + 1.2 0. 6 + .5

+1.8

p. p + . 8

3. 2 + . 7

2. 9 + . 9 31 + 4

2. 4 & .9

2. 7 + .7

3. 6 + .9

2 9 + 7

3.3 + .8

2. 0 + .5

2 ~ 7 +
~ 7

p. 9 + .5

5. 3 +1.0

5. P * .7

3.3 + .8
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FIG. 1. Photoionization cross sections of the 3s sub-
shell of Ar. Theoretical data: dashed line, Ref. 4;
dash-dotted line, Ref. 2 (upper curve, dipole length ap-
proximation; lower curve, dipole velocity approxima-
tion) . Experimental data: filled circles, present data;
triangle, Ref. 6, corrected; open circles, Ref. 5.

the range 0-28 eV, by using the method described
previously. ' An accelerating/retarding lens sys-
tem in the analyzer allowed the electrons to be
analyzed at a fixed voltage of 3 V. This prevent-
ed discrimination, caused by electron-gas scat-
tering, of electrons with originally different en-

ergies.
The photoelectron spectra of the rare gases

were taken at several discrete wavelengths be-
tween 24 and 51 eV. A dc glow discharge in He,
Ne, and Ar produced the resonance lines of the
neutral and singly ionized atoms. " The radia-
tion was then dispersed with a 2-m Vodar graz-
ing-incidence monochromator. An extremely
stable scanning voltage source was used to scan
the spectra, repetitively, over periods up to 50
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FIG. 2, Photoionization cross sections of the 4s sub-
shell of Kr. Lines and data points as in Fig. 1.

672



VOLUME 33) NUMBER 12 PHYSICAL REVIEW LETTERS 16 SEPTEMBER 1974

I.O

Ol g08-
O

x06
R0
o04-
Ch
Mo0,2
5

0.0
20

~ ~

.~' .Q.»
50 40

PHOTON ENERGY (eV)

~ ~ ~

~ ~ ~

50

FIG. 3. Photoionization cross section of the 5s sub-
shell of Xe. Lines and data points as in Fig. 1; square,
Ref. 14; solid line, suggested experimental cross sec-
tion.

h. The data were accumulated in a multichannel
analyzer. From the data the ratio R, of s to P
electrons, was obtained. This ratio is tabulated
in Table I. The cross section for photoionization
of s-shell electrons o, is then given by

where 0, is the total photoionization cross sec-
tion. " The effects of double ionization were tak-
en into account at 41 eV in Kr and Xe."

The data for Ar, Kr, and Xe are shown in Figs.
1-3 along'with the theoretical calculations. "
The results clearly show the interference effect
between the nP'-nP' cd transition and the ns'
- ns e'P transitions as predicted by Amusia et al. '
The RPAK calculations' predict a different situa-
tion for Ne. The intershell interaction is weak
and, therefore, the 2P subshell does not appre-
ciably affect the 2s photoionization cross section.
The form of the curve is similar to the single-
particle calculations but the magnitudes of the
cross sections predicted by the RPAE calcula-
tions are lower. Our single experimental value
of (0.16+0.03) X10 "cm' near threshold (51 eV)
and the data of Wuilleumier and Krause" start-
ing at 109 eV are insufficient to verify the lack
of interference from the 2P subshell. More ex-
perimental data in the threshold region are de-
sirable. The lack of data at high photon ener-
gies is simply caused by the low ionization cross
sections, weak source line intensities, and dis-
crimination against high- energy electrons by the
energy analyzer in the present mode of operation.

The magnitudes of the RPAE results are sensi-
tive to the value of the ns-subshell ionization po-
tential used in the calculations. The RPAE curves

for Ar and Kr from Ref. 4, shown in Figs. 1 and

2, respectively, used the experimental ioniza-
tion potentials. The results are in good agree-
ment with the combined experimental data. For
Xe the theoretical ionization potential was used.
This accounts for the displacement of the thresh-
old values by 2 eV between the experimental and
theoretical curves of Fig. 3. Although the shape
of the experimental curve agrees with the RPAE
theory, the magnitudes do not. The single value
at 41 eV obtained by Kemeny et al. '~ has a report-
ed 5s j5P ratio of 0.05. This is to be compared
with the present value of 0.057+ 0.012. Both
points have been corrected for double ionization
(double-ionization abundance is 20% for Xe at 41
eV) 11

The data presented here fully support the RPAE-
model calculations for the rare gases. However,
the discrepancy between theory and experiment
for Xe indicates that further refinements are
necessary in the RPAE model.
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