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Photoemission from Xe in the vicinity of the 4d Cooper minimum
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Partial photoionization cross sections and angular-distribution asymmetry parameters have been
determined for the Xe 4d and "4p" subshells in the photon-energy region of the 4d Cooper
minimum (160 eV to 270 eV, to 520 eV for the 4d asymmetry parameter). The Cooper minimum is
observed as a distinct cross-section minimum in the 4d photoionization channel. The 4d angular-
distribution results are in excellent agreement with Dirac-Pock and relativistic random-phase-
approximation calculations and with previous measurements. Effects of interchannel coupling are
evident in the "4p" results. Both the partial cross section and the angular distribution for the "4p"
photoelectron peak track the 4d cross section and angular distribution as functions of photon ener-

gy. A similar result is observed for the summed intensity and the angular distribution of the
4d '5p 'np satellites of the 4d main line, which is probably due to the effects of electron correla-
tion between the 4d and the satellite photoionization channels.

I. INTRODUCTION

Inner-shell photoemission experiments on Xe have
been used to study one-electron and multielectron effects
in atomic photoionization. ' For example, photoemis-
sion from the Xe 4d subshell has shown that a series of
single-electron processes combines togroduce oscillations
in both the subshell cross section ' "' ' ' and
the angular-distribution asymmetry parameter ' ' ' ' '
over a wide range of photon energies beginning just above
threshold. The lack of important many-electron effects
on the 4d parameters can be attributed, in part, to the
fact that the 4d photoemission channel dominates the ab-
sorption cross section for the Xe atom. By the
same token, photoemission from other subshells in Xe,
such as 5s and 5p, exhibits strong many-electron effects,
due to interchanne1 coupling with the 4d subshell. For
both of the valence subshells in Xe, changes in the partial
cross section [and the asymmetry parameter for 5p (Refs.
"i and 9)] have been observed and identified as results of
coupling to the stronger 4d channel.

At photon energies immediately above the 41 ioniza-
tion threshold, the photoelectron spectrum is dominated
by features associated with 4d-vacancy states. It is
known ' ' that photoemission from the 4d subshell
beyond a few eV above threshold can be described accu-
rately by the following series of one-electron efkcts in the
41~of continuum channel: a rapid change in the
Coulomb phase shift occurs closest to threshold, followed
at somewhat higher energy by a centrifugal-barrier-shape
resonance, ' ' ' and 6nally, at still higher energy, the
41~of dipole matrix element experiences a change in
sign which causes a "Cooper minimum" in the cross sec-
tion. Experimentally, pronounced changes have been
observed in the absorption cross section, the 4d par-
tial cross section, the spin-orbit branching ratio, and

the angular distribution of Xe 41 photoelectrons. '

However, most of these earlier measurements, with one
exception, have focused on the energy region below the
4d Cooper minimum. The present work addresses the
effects on 4d photoemission in the region of the Cooper
minimum. The 4d partial cross section has been mea-
sured for the 6rst time through the Cooper minimum,
and new results for the 41 asymmetry parameter also are
presented. They improve significantly our earlier mea-
surements, and extend the angular-distribution results to
higher energy (520-eV photon energy). Excellent agree-
ment is observed with theoretical ca1culations' ' of
these primarily one-electron effects.

New results for the Xe "4p" photoionization channel
are presented here as well. We use quotes for the "4p"
channel to signify that the Xe+(4p ') ionic state does
not exist per se, but mixes strongly with many other
single-ion final states (e.g., 41 nl). ' The present results
indicate that the "4p" peak mimics the behavior of the 4d
subshell throughout the photon-energy range of this
work (1S5—270 eV). Single-electron calculations' fail to
predict this behavior, which is found to be quite similar
to previous measurements of isoelectronic I (in CH~I).
In the I "4p" experiment, a tentative explanation was put
forth in which the importance of the configuration 41 4f
to the ionic state reached by "4p" ionization comes into
play. It was suggested that one could regard the 41 4f
state as being a correlation satellite of the stronger 4d
peak. In the present work, we discuss, in addition, the
possibility of interchannel coupling between the 4d and
"4p" channels, which can be viewed as being similar to
the coupling between the 41 and the valence subshells (Ss
and 5p) of Xe. For the valence subshells, experimental
observations ' ' illustrate that both peaks exhibit effects
due to interehannel coupling in the photon-energy range
of the (41~sf) shape resonance ( —-100 eV).
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A brief description of the experimental technique is

given in Sec. II. The 4d and "4p" subshell results are
presented in Sec. III, and conclusions are discussed in
Sec. IV.

II. EXPERIMENT

The experiment was performed at the Stanford Syn-
chrotron Radiation Laboratory with the same time-of-
fiight (TOF) apparatus ' and experimental conditions
that were used in the previous work on CH3I (Ref. 30)
and Kr. The monochromator resolution for the Xe ex-
periment was a constant 1.3 A at all photon energies.

For photoionization of a randomly oriented sample by

linearly polarized radiation, Yang's theorem defines the
difkrential cross section in the dipole approximation as

der(hv78) o(») [1 p(g )P ( 8)]

In Eq. (1), 8 is the angle between the momentum vector
of the ejected electron and the polarization vector of the
ionizing radiation, P2(cos8) is the second Legendre poly-
nomial, and o (h v) and p(h v) are the cross section and
asymmetry parameter, respectively, for the photoioniza-
tion process under study. Cross sections and asymmetry
parameters are derived from photoelectron spectra taken
with 8=0' and 8=54.7', as described in previous publica-
tions. ' At certain photon-energy settings of the mono-
chromator, second-order radiation (i.e., 2h v) was
suSciently intense to produce peaks in our spectra, most-

ly second-order peaks from Xe 4d ionization. Conse-
quently, the 4d asymmetry-parameter results were ex-
tended to higher photon energy.

In the photon-energy range of the Xe experiment, it
has been determined that the scintillator sodium sali-
cylate, which we use to measure the relative photon flux,
has a monotonically increasing ei5ciency. Therefore it
was necessary to correct our relative cross-section mea-
surements by as much as 50%. As a result, the usually
quoted systematic errors of 210% for our relative cross
sections become +20% in the high-energy region of the
present measurements. The branching-ratio and
asymmetry-parameter results, which are independent of
the photon-flux measurement, have estimated systematic
errors of 210% and +0.1, respectively. The estimated
systematic errors are not included in the error bars of the
data presented in this work.

A TOF photoelectron spectrum of Xe taken at 250 eV
photon energy is shown in Fig. 1. This spectrum con-
tains the unresolved 4d 5&2 and 4d 3&& photoemission lines
with binding energies of 67.5 and 69.5 eV, respectively.
We also observe the "4p" peak [binding energy, 145.5
eV (Ref. 1 )] and an accompanying Coster-Kronig
X& 3%4 &02 3 Auger feature near 50 eV kinetic energy.
The enhanced intensity on the low-kinetic-energy side of
the "4p" peak consists of many lines (4d nl) and some
continuum-like structure (4d el). Higher-resolution x-

ray photoelectron spectra of this kinetic energy region
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FIG. 1. TOF photoelectron spectrum of Xe at 250 eV photon
energy and with 8=54.7 . The peaks at high kinetic energy re-
sult from photoionization by higher-order radiation from the
monochromator.

can be found in Refs. 1 and 2. The remaining high-

energy peaks result from photoionization of the valence
subshells and from photoemission induced by higher-
order radiation from the monochromator.

A. 4d subshell

The 4d cross-section results are shown in the top por-
tion of Fig. 2. All of the present cross-section measure-
ments are given in arbitrary units, because of the lack of
available quantitative information in the 160—270 eV
photon-energy range. For example, we are unable to
scale our relative peak intensities to the total absorption
cross section without further knowledge of the impor-
tance of direct multiple ionization. %bile there is evi-
dence" that a considerable fraction of the total cross sec-
tion above 100 eV photon energy results from double ion-
ization„ there are no available quantitative measurements
of this fraction. In addition, we were unable to determine
quantitatively the relative intensity of the higher-
binding-energy continuumlike structure to the left of the
"4p" peak in Fig. 1. Finally, although there exist" 4d
cross-section results on an absolute scale up to 160 eV,
the overlap with the present work is insuScient to reli-
ably scale our results. Thus we report only relative cross
sections.

The 4d cross-section data shown in the top of Fig. 2 ex-
hibit a clear minimum which can be attributed to a Coop-
er minimum in the 4d ~sf photoemission channel.
The rise to lower energies in Fig. 2 corresponds to the
high-energy side of the prominent (4d +sf)-shape—reso-
nance' ' ' that has been well characterized in Xe. At
higher photon energies, o4& recovers by more than a fac-
tor of 2 from its minimum value. The position of the
Cooper minimum is 185(10) eV, in excellent agreement
with absorption spectra.

The Xe 4d asymmetry™parameter results are shown in
the bottom portion of Fig. 2, and over a wider photon-
energy range in Fig. 3. Also included in these 6gures are
previous measurements ' of p4q and several theoretical
curves. ' ' ' The experiments are in excellent agree-
ment with each other and with the two relativistic calcu-
lations. ' The Dirac-Fock (DF) ' and relativistic
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FIG. 2. Partial cross section (top) and asymmetry parameter
{bottom) of the Xe 4d subshell. The experimental measure-
ments are from the present work (closed syrabols) and from Ref.
8 {open symbols). The theoretical curves in the bottom panel
are from Refs. 21 (DF},22 (RRPA), and 15 (HF- V, HF-L).

random-phase-approximation (RRPA) calculations pre-
dict the rapid decrease of P~ at low energy, which is due
to the Cooper minimum. The nonrelativistic Hartree-
Fock [HF-V (velocity) and HF-l. (length)] calculations"
predict the correct shape of P~&, including the asymptotic
value at high energy, but miss the energy of the Cooper
minimum by 20-30 eV. The present results are in better
agreement with theory at the minimum in P4&. These
new results are to be preferred over our earlier measure-
ments in the regions of overlap, based on improved accu-
racy.

Using the expression for p in jj coupling (Ref. 35), $4~
is predicted to be approximately 0.2 at the Cooper
minimum. This value for P4& is reached at a photon ener-

gy between 175 and 180 eV, in fairly good, but not exact,
agreement with the 4d cross-section results.

At a few photon energies in the 160-182.5-eV range
approaching the Cooper minimum, a 4d correlation satel-
lite was resolved from the 4d photoemission main line
(the satellite appears in Fig. 1 as a shoulder to the left of
the 4d peak), allowing us to make a crude measurement
of its intensity and angular distribution. This peak corre-
sponds to the sum of the 4d '5p 'np satellite states. '

Qualitatively, the intensity of this satellite peak relative
to the 4d main line was found to be roughly constant
throughout this energy range. Quantitatively, we mea-
sured the relative intensity to be 12(3)%, in disagreement
with previous measurements of the satellite-to-main-line
ratio of 6(1)% at both 151 eV photon energy and at 1486
eV (Al Ea). This discrepancy is probably explained by
the poor kinetic energy resolution of the present measure-
ments, and by the presence of a background underlying
the satellite peak which arises from Auger decay of the
ionic states produced in the "4p" binding-energy region.
This background would not appear at either 151 or 1486
eV photon energy, because the satellite peak would be at
a different kinetic energy than that of the underlying
Auger electrons.

The asymmetry parameter for the sum of the
4d '5p 'np satellites closely follows P4& in this energy
range, dropping from 1.4(2) at 160 eV to —0.6(2) at 182.5
eV. The present results indicate that the 4d correlation
satellites seem to experience the Cooper minimum in the
4d~ef channel at the same photon energy as the 4d
main line. This is not expected in the conventional one-
electron picture, in which the photoelectron s kinetic en-

ergy should determine the position of the Cooper
minimum. However, in the presence of electron correla-
tion, which clearly is important for satellite lines, this re-
sult is not necessarily so unexpected. In fact, similar, but
more dramatic, effects have been observed for a satellite
in the 5 2p region of the molecule SF6.
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FIG. 3. Assymetry parameter of the Xe 4d subshell as in the
bottom panel of Fig. 2, now including experimental results from
Ref. 4 ( g ), plotted over a wider photon-energy range.

8 "4p" subshell

Gelius' and Svensson et a/. recorded Al Ea photo-
electron spectra of Xe in the region of the 4p binding en-
ergies. Rather than finding two peaks (4@3/2 and 4p, q2)
corresponding to one-electron transitions to Xe+, they
found efFects of multielectron behavior in the photoelec-
tron spectrum. %endin and Ohno' explained this
phenomenon in Xe in terms of strong configuration mix-
ing, which prevents the existence of an isolated 4@3&2- or
4p&&2-hole state, and requires that a "4p" vacancy appear
primarily as Xe+(41 4f). The strong coupling results
from the near degeneracy of a single 4p hole and a double
vacancy with two 4d holes. A similar description is based
on the onset of N2 3%4 5%4 5 (super-Coster-Kronig)
Auger decay in the photon-energy range of Xe "4p" ion-
ization. This ambiguity in the identi6cation of the 4p
Anal state is refiected in our use of quotes in specifying
the "4p" ionization channel. The mixed configuration
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identity of the "4p" line also is relevant to the "4p"
Auger feature in Fig. l. %'e can identify this peak as be-

ing related to either of the two processes, Xe+(4p )

~Xe+2(4d95p') or Xe+(4d'4f)~Xe 2(4d 5p'), both
of which yield Auger electrons of the appropriate energy.

The "4p" cross-section and asymmetry-parameter re-
sults for photon energies from 185 to 280 eV are shown in
Fig. 4. These values were determined by considering only
the area under the single prominent (4d 4f) peak in Fig.
1 and excluding insofar as possible the continuumlike
structure at lower kinetic energy. %'e will interpret the
data in Fig. 4 as primarily representing the 4d 4f final
state.

The Xe "4p" cross-section data in the top portion of
Fig. 4 are on the same arbitrary scale as o4d in Fig. 2.
The intensity of the 4d 4f peak accounts for less than
half of the total intensity in the "4p" region, the
remainder being in the broad continuum structure seen in
Fig. 1. Thus, the cross section for all of the photoemis-
sion occurring in the "4p" binding-energy region is of the
same order as rr4d in the vicinity of the 4d Cooper
minimum. Also in the top of Fig. 4 is a curve which
represents a smooth function through the e~ results in

the top of Flg. 2, dlvlded by 4. From this comparison, we
observe that the cross section of the "4p" peak varies
with a&d, and possibly experiences the Cooper minimum

in the 4d ~of channel.
The "4p" asymmetry-parameter results in the bottom

portion of Fig. 4 also exhibit behavior very similar to P4d,
which is represented by the solid curve in the bottom
panel. Also included in this panel is a curve representing
a HF-V calculation, ' which predicts Pa within a one-

electron approximation. Clear1y, the curve representing

Pad matches the "4p" results better than the HF-V curve.
An identical observation has been made for P..az- and Pad
for the I atom in CH3I.

The similarities between the measured parameters for
the Xe "4p" and 4d subshells are striking. In the work
on CH3I, recourse was made to the identi6cation of the
"4p" peak with the 4d 4f configuration in order to liken
the "4p" peak to a correlation satellite of the 4d main-

line 6nal state. Therefore, the "4p" peak may be con-
sidered to be derived from the 4d main line, and thus
might be expected to mimic the 4d behavior as a function
of energy. However, there are two problems with this
picture. First, the binding-energy difference between the
4d 4f and 4d ionic states is large (-70 eV), suggesting
that the large difFerence in kinetic energies of the 4d and
"4p" photoelectrons may lead to different cross sections
and angular distributions as a function of photon energy
(kinetic energy effect). Second, the 4d 4f state that is
designated as a satellite would correspond heuristically to
a 4d ~4f excitation accompanying 4d ionization, which
is similar to a "conjugate shake-up" satellite because of
the change in the orbital angular momentum of the excit-
ed electron. Generally, such satellites are expected to
behave differently than their main lines.

While the description of the "4p" peak as a satellite of
the 4d line is possible, there is a different picture within
which to discuss the observed similarities for the 4d and
"4p" data. It is known that interchannel coupling with
the 4d continuum plays an important role for the Xe
valence shell. At photon energies near the (4d ~of)
shape resonance, the 5s and 5p subshells exhibit enhance-
ment which has been attributed to coupling with the 4d
channel. Similarly, if the 4d channel were to couple
with the "4p" subshell, one might expect the "4p" cross
section and asymmetry parameter to exhibit effects of this
coupling. The exact mechanism by which the 4d and the
4d 4f photoemission channels could couple through the
continuum and lead to the same spectral shape for their
cross sections and asymmetry parameters requires further
theoretical understanding. In addition, the extent to
which the 4d 4f configuration, identified with the "4p"
peak, plays the role of a satellite of the 4d line, is un-

known, and needs to be determined with a dynamical cal-
culation that properly treats the many-electron nature of
the "4p" region of the Xe spectrum.
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FIG. 4. Partial cross section (top) and asymmetry parameter
(bottom) of the Xe "4p" (4da4f) photoelectron peak. The cross
section is on the same arbitrary scale as that of o&d in the top
panel of Fig. 2. The solid curves represent the o4d (divided by

4) and Pad data in Fig. 2, and the dashed curve represents a
HF-Vcalculation of P&~ (Ref. 15).

IV. CQNCLUSIONS

Inner-shell photoemission from Xe in the vicinity of
the 4d Cooper minimum has been reported. The new re-
sults for trad and P« illustrate dramatic effects du'e to the
zero in the 4d ~ef transition amplitude. We observe ex-
cellent agreement with previous measurements and with
relativistic calculations which treat 4d ionization in a
single-electron framework.

In contrast, many-electron efkcts appear to be impor-
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tant for describing photoionization of both the "4p" sub-
shell and the 4d '5p 'np satellites of the 4d main line.
The results for each of these photoemission channels
resemble cr4d and P4d throughout the energy range of the
4d Cooper rninimurn, suggesting the possibility of strong
interchannel coupling and main-line-satellite interac-
tions, or possibly a combination of both effects for "4p"
ionization. This general picture of the importance of
many-electron effects tied to the 41 subshell seems to be
valid even though the 4d channel is experiencing a
minimum in this energy range, and thus does not dom-
inate the photoionization process. Further theoretical
work is needed to clarify the coupling by which the 4d

photoemission process exerts such an influence over the
other Xe photoionization channels in this energy range.
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