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Partial cross sections and angular-distribution asymmetry parameters were measured for subshell
photoionization of xenon for photon energies between 40 and 1000 eV. These large-scale measure-
ments show that the pronounced interchannel coupling between the valence and the 4d electrons
persists beyond the 4d shape resonance in the subsequent Cooper-minimum region. Multielectron
processes associated with 4d and 4p photoemission were measured directly for the first time over a
broader energy range covering the near-threshold behavior up to the sudden limit. Comparing our
experimental results with calculations based on the single-particle model shows that this theory,
which fails to describe the intermediate energy range even qualitatively for the valence electrons,
gives partial cross sections in reasonable agreement with experiment at higher photon energies, par-
ticularly beyond the 3d threshold. The same result is shown by the angular-distribution asymmetry
parameter P, except for the photoionization of the "4p" subshell which resembles more the behavior
of a 4d electron, corroborating the theoretical assumptions of core-hole fluctuations between these
two subshells. In the shape resonance region the presented 4d partial cross sections are in reason-
able agreement with theoretical results obtained recently by many-body perturbation theory.

I. INTRODUCTION

Xenon has become more and more a showcase for
atomic inner-shell photoionization. ' Different theoret-
ical models have been used to describe the partial cross
sections for subshell photoionization of xenon. For re-
view of the different methods see, for example, Amusia,
Starace, and Kelly.

Beyond the generally good qualitative agreement of
most theories which take account of electron correlations
in one or another way with the experimental data, there
arose the question of a more quantitative description of
the various partial cross sections, particularly regarding
the role and the strengths of multielectron processes in
this context. Closely related to this problem is the ques-
tion of the validity of the single-particle model, in partic-
ular Hartree-Fock with complete exchange at higher
photon energies where very few experimental data are
available because most experiments were concentrated on
the intermediate energy range around the 4d shape reso-
nance.

Many detailed studies have been performed to deter-
mine the partial photoionization cross sections and
angular-distribution asymmetry parameters of the Xe
subshells. Here we will give a very short survey of the
development since the advent of synchrotron radiation as
a vacuum ultraviolet (vuv) and soft-x-ray light source for
photoionization studies; more references may be found in

the following papers. West et al. started the series of
partial-cross-section measurements using synchrotron ra-
diation with Xe 5p, Ss, and 4d. Besides further studies of
this kind the same group also started measurements of
angular-distribution asymmetry parameters of the
diff'erent subshells of xenon (Torop et al. ). More recent
measurements of asymmetry parameters are from Krause
et al. ' and Southworth et al. ,

" both giving references
to other earlier work. Spin-orbit branching ratios were
studied by Wuilleumier et al. ' and more recently by
Yates et al. ' whereas Fahlmann et al. ' studied mul-
tielectron processes associated with the valence photoion-
ization of xenon. All of these measurements concentrat-
ed on the intermediate energy from 15 to 150 eV. An ex-
tension of these measurements to higher energies was
very recently performed by Lindle et al. ' regarding 4d
subshell photoionization in the Cooper-minim region and
"4p" photoionization in the same energy region. A first
study of partial cross sections and angular-distribution
asymmetry parameters of the 3d subshell was also very
recently performed by Becker et al. ' Most of these pa-
pers contain extensive references to other related experi-
mental and theoretical work and give a more or less de-
tailed description of the physical phenomena associated
with the photoionization of Xe, in particular the Xe 4d
subshell; this will not be repeated here.

After Cooper's' pioneering work on the Xe 4d shape
resonance, many theoretical studies were performed re-
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garding the Xe photoionization problem. Following the
first and still only large-scale study by Kennedy and Man-
son performed within the single-particle approximation,
Amusia and co-workers' started to emphasize the im-
portance of many-electron effects in Xe. Various theoret-
ical methods have been employed to treat the many-
electron effects, the most recent one being many-body
perturbation theory (MBPT). '

The purpose of the present work was to complete the
presently known data in the intermediate energy range,
approaching ultimately curves of partial cross sections in-
stead of a few separated data points; and to extend the ex-
perimental data to higher energies beyond the 3d thresh-
old up to 1000 eV. Special emphasis was put on three
points: interchannel coupling, the direct determination
of the strengths of multielectron processes, and the mea-
surement of partial cross sections and angular-
distribution asymmetry parameters over a wide energy
range. Our data will be compared with former measure-
ments and calculations from different theoretical models.
The dynamic range of our measurement covers approxi-
mately 4 orders of magnitude in intensity comparing the
weakest 5s cross section within the Cooper minimum
with the most enhanced 4d cross section at the shape res-
onance.

II. EXPERIMENT

The photoemission experiments were performed in
part at the electron storage ring BESSY and in
part at the Hamburger Synchrotronstrahlungslabor
HASYLAB, both under single-bunch conditions. The
photoion measurements were performed using the elec-
tron storage ring at the Photon Factory. The experiment
at BESSY was performed with photons from the high-
energy toroidal grating monochromator (HE-TGM l) be-
tween 270 and 1000 eV. The photoemission measure-
ments covering the intermediate energy range from 40 to
170 eV took place at the TGM of HASYLAB. ' We used
the time-of-fiight (TOF) method for the partial-cross-
section and angular-distribution asymmetry parameter
measurements, recording two spectra at different angles
by two TOF detectors simultaneously. The measurement
of the 4d electrons from threshold through the shape res-
onance is complicated by extended Auger structure re-
sulting from decay of the 4d core hole. These NQO Auger
electrons cover a wide energy range of about 37 eV (Refs.
22 and 23) and show in addition a continuous distribution
due to double Auger processes. In order to take into
account all of these electrons, it is necessary to measure
the whole photoelectron and Auger spectrum over the
entire energy range. Our time-of-flight spectrometer,
having a drift length of 650 mm, requires for this purpose
a time window of approximately 1 @sec as given by the
DORIS storage ring at HASYLAB under single-bunch
operation. Figure 1 shows such a spectrum taken at a
photon energy of 110 eV. This spectrum shows for the
first time clearly the existence of Auger lines with ener-
gies as low as 0.5 eV accompanied by an increase of the
background near 4 and 2.5 eV most likely due to double
Auger decay following the recombination of the 4d3/p
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FIG. 1. Photoelectron spectrum of Xe recorded at a photon
energy of 110 eV. The spectrum shows in addition to the photo-
lines several previously unobserved Noo Auger transitions
below 2 eV, displayed separately on an enlarged scale, and a
steplike increase in the background continuum indicating the
N~ and N& thresholds of the double Auger decay. The line
structure between 22 and 28 eV kinetic energy consits of 4d sa-
tellites. The spectrum was recorded at an angle of 0 with
respect to the photon polarization direction.

(X4) and 4d5~2 (N5) core holes.
One major problem in measuring partial cross sections

over an extended energy range is the determination of the
intensity of the incoming monochromatized synchrotron
radiation. This determination of the actual photon Aux

depends sensitively on the type of beam monitor used in
the photoemission experiment. The different methods
commonly in use such as gold-yield measurements,
fluorescent eSciency of sodium salicylate, and partial
cross sections of the light rare gases He, Ne, and Ar (Ref.
27) vary significantly in accuracy and have both advan-
tages and certain disadvantages. While the first two
methods allow one to monitor the photon flux simultane-
ously with the sampling of the photoelectron spectra, the
last one requires a further experiment subsequently or in
advance. On the other hand, the partial-cross-section
measurements of He, Ne, and Ar determine directly the
relevant photon flux in first order at the interaction
volume and the corresponding cross sections are relative-
ly well known, in contrast to the yield measurements giv-
ing photon flux values integrated over all orders and be-
ing taken at a position different from the actual interac-
tion volume. But the most significant disadvantage of the
yield method is the efFiciency problem, depending on the
preparation of the beam monitor, which means that each
monitor has to be calibrated separately. More recent
studies show that no tabulated values can be used reli-
ably over a broad energy range without consistency
checks by other methods. We have therefore used the
partial-cross-section method calibrated by simultaneous
registration of the beam current in the storage ring in ad-
dition to a simultaneously performed gold-yield measure-
ment. This combined method makes it easier to notice
possible inconsistencies in the calibration procedure and
allows in addition the direct determination of the fraction
of higher-order light in the monochromatized photon
beam, which is in turn necessary to derive the first-order
photon flux from the gold-yield measurement. Details of
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the calibration procedure including the determination of
the polarization of the monochromatized light and the
transmission function of our time-of-flight analyzer sys-
tem will be given elsewhere. Figure 2 shows a scheme
of the experiment using pulsed synchrotron radiation ex-
citation along with angle-resolved time-of-flight electron
detection.

The ion-yield measurements performed at the Photon
Factory used photons from a 2-m grasshopper monochro-
mator in the energy range between 60 and 180 eV. The

FIG. 2. Schematic representation of an angle-resolved gas-

phase photoemission experiment using synchrotron radiation
excitation and time-of-Aight detection.

spectral resolution was about 0.3 at 100 eV. A Be win-
dow was used for the measurements in the range from 60
to 110 eV in order to eliminate the effect of second-order
light originating from large yields of the 4d partial cross
section beyond the delayed onset. The photoions pro-
duced by the radiation were charge analyzed by a time-
of-flight spectrometer which was operated by a pulsed ac-
celeration field method to eliminate the changing detec-
tion e%ciencies arising from coincidences with multiple
electrons in the electron-ion coincidence method. The
ion yields of each charge state were converted into the
absolute photoionization cross sections using the total
cross sections tabulated by West and Morton. Details
of the experimental setup were described in previous pub-
lications. ' Figure 3 shows the results of the ion-yield
measurements for Xe+, Xe +, and Xe + in the shape-
resonance region. Our ion-yield curves are in good agree-
ment with the former measurements of Holland et al. ;
reasonable agreement with the results of El-Sherbini and
Van der Wiel ip given only in part for their Xe results
whereas there is again much better agreement with the
improved data of Van der Wiel and Wight for Xe
Comparisons to other ion-yield measurements not cover-
ing the whole shape-resonance region are given in the
above-mentioned references.

III. RESULTS AND DISCUSSION

A. General overview
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FIG. 3. Ion-yield measurements of Xe+, Xe +, and Xe +

taken in the 4d shape-resonance region. The arrows show the
positions of the 4d and 4p thresholds, respectively.

The combined results of our partial-cross-section mea-
surements are given in Fig. 4. Because of the extended
energy range under study and the pronounced intensity
variation of the different partial cross sections, part of
our results are plotted on a double-logarithmic scale. All
of our measurements were brought to an absolute scale
by adjusting the sum of all measured photoelectron lines
including the multielectron processes to the total cross
section at hv= 130 eV. This particular photon energy
was chosen because the corresponding photoelectron
spectrum allows most unambiguously the separation of
photoelectron from Auger lines, a basic requirement for
the correct normalization of the sum of all photolines to
the total cross section; furthermore, the results of the
different total-cross-section measurements are at this en-
ergy in excellent agreement. Our data points are com-
plemented by data from Fahlmann et al. ' for low pho-
ton energies and by measurements from Lindle et al. ' in
the Cooper-minimum region of the 4d partial cross sec-
tion. The latter were normalized to absolute values by
adjusting their 4d data points at lowest energies to our
corresponding values. These two data sets were chosen
for this survey figure because they both cover a large en-
ergy range and have sufBcient overlap with our own
combined data set from the two experiments at
HASYLAB and BESSY. The data points from the HE-
TGM l shown in Fig. 4(b) by solid symbols represent
subshell photoionization cross sections including accom-
panying multielectron processes due to the limited resolu-
tion of our spectrometer at higher kinetic energies. The
separated 4d and 4p main line contributions are given by
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open symbols for energies below 400 eV. From these
data the 4d partial cross section at 270 eV was used t;o

calibrate the whole high-energy data set absolutely via
the corresponding data points of Lindle et al. ' which
were in turn calibrated by our low-energy data set as
mentioned above. The Xe 3d partial cross section
represents the sum of the two main line spin-orbit com-
ponents. The curves represent calculations within the
single-particle model (see Ref. l). This figure, in particu-
lar the comparison with the Hartree-Fock (HF) calcula-
tions, shows three noteworthy new features in the behav-
ior of the Xe partial cross sections.

(1) The strong interchannel coupling observed between
the 4d and Sp and 5s subshells governing the cross-
section behavior of all subshells within the 4d shape reso-
nance persists also in the subsequent Cooper-minimum
region, an energy range where strong coupling of the 4d
with the 4p subshell was just recently observed. ' Small
e8ects of interchannel coupling are also seen at the onset
of the 3d partial cross section.

(2) The single-particle model, which describes the be-
havior of the 4d cross section in the intermediate energy
range only qualitatively, gives quantitatively much better
results at higher photon energies, especially above the 3d
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FIG. 4. (a) Partial cross sections of the Xe Sp (solid triangles), Ss (solid diamonds), and 4d (solid circles) subshells between 20 and
300 eV. The reference data of other authors are for Sp {open triangles) and Ss (open diamonds) from Fahlmann et al. (Ref. 14) and
for 4d (open circles) from Lindle et al. (Ref. 15). The absolute normalization of our data and of the values of Ref. 15 is described in
the text. The error bars for Ss and Sp are approximately 10% except for the four smallest Ss cross sections having an uncertainty of
approximately 25%, and the 4d error bars are given explicitly in Fig. S. The solid curves represent calculations within the
independent-particle approximation (HF theory) as given by Krause (Ref. 1). (b) Partial cross sections for Xe 4d (circles), 4p (dia-
monds), 4s (triangles), and the sum of the 5s and 5p (squares) subshell photoionization between 270 and 1000 eV. Open symbols for
4d and 4p represent the intensity of the separated photolines whereas the solid symbols represent the same subshell photofonization
cross sections including accompanying multielectron processes. The reference data of Lindle et aI. (Ref. 15) are given by stars (4d)
and crosses (4p). The data points for the 4s subshell represent single-peak intensities, whereas the sum of the Ss and Sp partial cross
sections includes the corresponding satellite intensity. The drawn curves show the same HF calculations as in (a) representing 4d by
the solid curve, 4p by the dashed curve, 4s by the dashed-dotted curve, and the sum of Ss and Sp by the dotted curve. (c) 3d subshell
photoionization cross section compared with the same HF calculation as in (a) and (b). The solid circles give the sum of the two
spin-orbit components without 3d satellite intensity. The solid triangles represent the same partial cross section but measured by the
corresponding MNN Auger intensity.
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threshold for both the 4d and 3d partial cross section.
(3) At these high photon energies the single-particle

model seems to subsume most of the strong multielectron
processes known from ionization measurements of the 4p
and 4d subshell at 1487 eV (Al Ka) (Ref. 35) within the
single-electron contributions, because the sum of all pho-
toemission events associated with the ionization of a
given subshell is reasonably described by the correspond-
ing Hartree-Fock cross sections. This is in marked con-
trast to the behavior at intermediate energies.

A quantitative determination of the strengths of some
of these multielectron processes will be given later
preceding the discussion of the character of the "4p"
photoline. Regarding the photolines with higher binding
energies, the 4s line deviates most strongly from the HF
calculation. This could be a Cooper minimum in the 4s
partial cross section shifted to higher energies above
threshold by many-electron effects. However, the data
analysis of the 4s peak area is complicated by "4p shake-
oA" electrons which lie underneath the 4s peak, giving
rise to serious problems with the correct background
determination for this peak. The estimated uncertainties
in o.4, resulting from this effect prohibit a more detailed
and conclusive comparison with theory. A comparison
of our valence results with those of other authors yields
good agreement with the data of West et al. and Adam
et al. for the 5p and 5s partial cross sections within the
4d shape-resonance region.

B. 4d subshell

Comparing photoionization of the 4d subshell with the
valence photoionization results shows that there is, re-
garding the total intensity variation, more serious scatter
among the various previous measurements of the 4d par-
tial cross section than among the 5p and Ss data. Table I
gives our 4d partial cross sections, together with previous
4d measurements for data points within an energy inter-
val of 0.5 eV in the shape-resonance region. The varia-
tion among the partial-cross-section measurements is
most likely caused by the different calibration procedures
used in the different experiments. The first measurements
of West et al. , later improved by Shannon et al. , are
branching-ratio measurements partitioning the absorp-
tion cross section by use of the triple ionization measure-
ments of El-Sherbini and Van der Wiel to correct for
multielectron processes. Adam performed an indepen-
dent determination of the relative change of the 4d par-
tial cross section, also using the partition method, but
without correcting for 4d-based multielectron processes.
In contrast to these measurements Becker et a1. tried to
determine the relative change of the partial cross section
independently of the partition method by using the gold-
yield method to monitor the relative intensity of the pho-
ton beam flux quantitatively. Their 4d partial cross sec-
tions above 95 eV are lower than the other measurements
but still in reasonable agreement with the earlier data of

TABLE I. Xe 4d partial cross section. The data of this work are compared to the results of earlier
measurements within 0.5 eV regarding their energy position. The error bars represent statistical errors
and uncertainties in the relative calibration of the photoelectron intensities. The possible systematic er-
ror resulting from the absolute calibration is approximately 3% (Ref. 30).

Photon
energy (eV) This work

Partial cross section (4d) (Mb)
Adam Shannon et al.

Ref. 38 Ref. 37
Becker et al.

Ref. 39

72.5
75.0
77.5
81.0
85.0
90.0
94.5

100.0
110.0
120.0
124.0
130.0
134.0
140.0
141.5
142.0
145.0
150.0
155.0
160.0
162.0
170.0

3.9(2)
5.2(3)
7.7(4)
9.6{5)

13.6(7)
18.3(9)
20.8(10)
22.1(11)
17.8(9)
11.4(6)
9.2(5)
6.2(3)
4.4(2)
2.98(14)
2.49(12)
2.46(12)
1.74(8)
1 ~ 19(6)
0.74(3)
0.75(3)
0.69(3)
0.35(3)

4.0(8)

11.4(12)
7.7(8)

20(2)
21(2}

15.7(16)

7.4(7)

2.2(2)

4.0{4)
7.7{4)

21(3)
19(3)
12.5(7)
6.8(20)

3.6(5)
3.1(5)
0.8(5)

0.4(4)

0.2(3)
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West et al. within mutual error bars. This seemed to
confirm indirectly the assumptions of El-Sherbini and
Van der Wiel about the strengths of the shake processes
of approximately 20% as a lower limit. Our new mea-
surement, calibrated by the partial-cross-section method
using well-known standard cross sections of Ne, shows
good agreement with all measurements between 70 and
95 eV but starts to deviate above 100 eV. In this energy
range our data points are consistently higher, particularly
with respect to the calibration point at 130 eV, than the
results obtained by Becker et al. by the gold-yield
method. This deviation is most likely due to the inherent
calibration problems of the latter method as mentioned
before. Our values are also partly above the results
which West et al. obtained by partitioning the total
photoionization cross section after correcting for mul-
tielectron processes, but below 125 eV much less substan-
tially.

Figure 5(a) shows our partial-cross-section results to-
gether with a curve for the total cross section and three

total
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FIG. 5. (a) 4d partial cross sections (circles) within the shape
resonance along with corresponding data (dash-dotted line) ob-
tained from ion-yield measurements as explained in the text.
The triangles represent the valence results of this work
o„=1.46 [1.218 (o., +o„.)], while the dotted curve gives the
corresponding ion-yield-derived values. The 4d,.h.,k, (shake-up
and shake-off results derived from direct measurements and
from the ion-yield curves are given by the squares and the
dashed curve. The solid line represents the total cross section as
given by West and Morton (Ref. 30). (b) The same 4d partial
cross sections, but compared to different theoretical calculations
as shown in Ref. 19. The dotted and the solid curves represent
MBPT length {L)and velocity {V) calculations with relaxation.
The short-dashed curve and the dash-dotted curve represent
MBPT calculations with relaxed orbitals, but additionally tak-
ing into account overlap integrals between orbitals of the
ground state and corresponding orbitals of the final state. The
line given by crosses represents the sum of the 4d and 4d shake
curves from (a) ~

curves derived from our ion-yield measurements as
shown in Fig. 3. The data points and their corresponding
curves represent (1) the 4d partial cross section, (2) all
multielectron processes associated with the photoioniza-
tion of the 4d subshell (designated in the following for
brevity as "4d shake contributions": shake-up and
shake-os), and (3) the sum of all partial cross sections re-
lated to the photoionization of a valence electron (5s, 5p).
The derivation of these curves is based on the following
relations between partial cross sections and ion yields:

cr„,) = 1.46o.

cruz =(1+x )(o + —0.46o+ ),
o,h,k, =o.'+ —x(o + 0 —46cr. +),

with x as a normalization constant being related to the
fraction of 4d hole states decaying via double Auger pro-
cesses into triply charged ions. The double ionization
cross section o. is corrected by the valence shake-off
contribution which is 46% (Ref. 38) of the 5p and 5s
valence photoionization cross section represented by o. +.
We have fitted the ion-yield curves of Xe and Xe +

from Fig. 3 according to these relations to our 4d partial
cross sections and the fractional 4d shake intensity as
shown in Fig. 6. Note that, for this purpose, the reso-
nances due to double excitations as seen in Fig. 3 were re-
moved from the ion-yield curves because our partial cross
sections are basically nonresonant values. One data point
on a resonance near 80 eV was omitted for clarity. The
solid curves are derived from an x value being approxi-
mately 0.21. Regarding the Xe + ion yield and their rela-
tion to the total double Auger rate one should keep in
mind that the shake-off transitions yield triply charged
ions via direct double ionization followed by normal
Auger decay, whereas the shake-up or satellite transitions
may yield triple ions through single ionization accom-
panied by excitation as a first step followed by double
Auger decay. More specifically, the relationship between
our normalization constant x and the double Auger yield
+4& for the main line transitions and o.„, , for the shake-up
or satellite transitions depending on the satellite to main
line ratio is given by

1 o sa~
=a4& —(a„,—1)

4a

A rough estimation of the shake-up or satellite to shake-
off ratio yields, above 110 eV, a value of 1.5 for an aver-
age of all multielectron processes of 17.5%. If, for exam-
ple, 50% of the excited ionic 4d hole states decay via
double Auger transitions, the double Auger rate of the 4d
hole states associated with the main line would be ap-
proximately 22%. A quantitative analysis of the data
points below the lowest 4d satellite threshold where
c7 g $

/a. 4& is zero yields an average value of a4& =0.2 1 5
and o;„,=0.58, in good accord with this assumption.
Further support of this large double Auger yield of excit-
ed states (satellite states) is given by recent measurements
of the resonant double Auger yield following 4d ~np ex-
citation.
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FIG. 6. Photoelectron spectra for hv=100 —140 eV showing
the 4d satellite transitions and part of the subsequent shake-o&
continuum obtained by subtraction of the Noo Auger spectrum.

The dotted line represents the ion yield derived partial
cross section for all valence photoionization processes.
The data points are obtained from our Sp and 5s partial
cross sections as shown in Fig. 4 using an average value
of 21.8% for the valence shake-up transitions' and 46%
as shake-off fraction referred to the total-valence
single-ionization rate. Hence the total-valence partial
cross section 0., is given by

cr „=1.46
~
l.218(o ~ +o 5, )

~

.

These data points are, near their maximum, somewhat
higher than the corresponding curve derived from the
cross section for single ionization. However, the con-

sistency and overall agreement of this first combined
analysis of partial photoemission cross sections and pho-
toionization yield curves at a shape resonance is very
good considering the error bars. In contrast to the be-
havior of the resonantly enhanced valence photoioniza-
tion cross section, which has its maximum more than 10
eV below the maximum of the 4d shape resonance due to
screening eFects, the maximum of the 4d shake transi-
tions is about 5 eV above this 4d maximum. The solid
line represents the total cross section as given by West
and Morton. The sum of the three contributions shown
in this figure, O.4d, O.4d,„,«, and cryal$ resembles the Ot f

curve of West and Morton very closely and is also in
good agreement with our total ion yield which was abso-
lutely normalized to o.

t

Figure S(b) gives a comparison of our 4d partial cross
sections with the most recent theoretical calculations, by
Altun et aI. ' The curves represent many-body calcula-
tions using relaxed orbitals; the higher pair of curves re-
sults from calculations not including an overlap factor
and therefore subsuming part of the multielectron pro-
cesses. Length and velocity calculations are given by the
dotted and solid lines, respectively. The lower pair of
curves represents again length (dashed) and velocity
(dashed-dotted) results: however, this time including the
overlap factor which reduces the partial cross section by
approximately 11%. These results are in reasonable
overall agreement with our 4d results. The agreement is
very good between 80 and 110 eV; above this energy
range the theoretical results are consistently higher than
the experimental values, while below this energy range
they are too low. The curve given by the crosses is the
sum of the 4d curve and the 4d shake curve in Fig. S(a)
representing all 4d-based ionization processes. This
curve shows better agreement with the calculations
without overlap factor, which one would expect because
these calculations should include most of the multielect-
ron processes associated with the 4d ionization. The
theoretical results are again in excellent agreement for in-
termediate energies, deviating from the experimental data
at lower and higher energies similarly to the 4d partial-
cross-section results.

Summarizing, one can say that previous inconsistencies
between different sets of data could be removed and that
there is now satisfactory accord between the different
types of experiments including very recent absolute 4d
partial-cross-section measurements which are in excel-
lent agreement with our data. There is now also reason-
able, although not completely satisfactory, agreement be-
tween experiment and the most recent calcultions based
on MBPT methods, concerning both the 4d partial cross
section alone and the total 4d intensity (which contains
in addition most of the associated multielectron
processes). Further improvement in the calculations may
be obtained by inclusion of higher-order diagrams ac-
counting for double ionization channels.

In order to determine the strengths of the multielec-
tron processes in more detail, we have tried to separate
the corresponding shake-electron structure from the 4d
main line as well as from the Auger transitions. This
could be done unambigously only for photon energies just
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below the 4p excitations (130—140 eV) and at higher pho-
ton energies between 300 and 450 eV, due to the limited
resolution of our TOF spectrometer for very high kinetic
energies and the photon energy gap between the TGM at
HASYLAB and the HE-TOM 1 at BESSY. For all other
energies the 4d Auger structure had to be subtracted in
order to reveal the undisturbed satellite structure. Figure
6 displays a series of such spectra for photon energies
from 100 to 140 eV. Figure 7 shows in more detail the
complex line structure of the multielectron processes as-
sociated with the ionization of the 4d subshell at different
photon energies, including a spectrum of Svensson
et al. taken with Al Ea radiation. The comparison of
these three spectra, particularly of the ones at 100 and
1487 eV, suggests the assumption that some of the satel-
lite lines show increasing intensity with increasing photon
energy, whereas others seem to be constant or even to de-
crease relative to others at higher energies, a behavior
similar to observations made for valence and K-shell
photoionization. However, our assumption that
different 4d satellite lines exhibit different behavior with
photon energy has to be proven for individual lines by
high-resolution measurements. Figure 8 gives a relative
intensity plot of the sum of all multielectron processes
covering an energy range from 10 eV above threshold
into the regime of the sudden limit, where we have ap-
proximately 21% multielectron processes relative to the
4d main line. The region between the dotted curves
represents the values obtained from the ion-yield mea-
surements as described above. Our results near the max-
imum of the shape resonance are lower than the assump-
tions of El-Sherbini and Van der riel but approach
their value of 20% at higher energies. In the sudden lim-
it, our results are consistent with the total shake-up in-
tensity of 12% reported by Lindle et al. ,

' yielding for
all multielectron processes (shake-up and shake-off) 20%%uo

as a lower limit.

4d Satellites
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FIG. 7. Enlarged representation of the 4d satellite spectra
taken at 100 and 140 eV compared to a corresponding spectrum
taken at 1487 eV by Svensson et al. (Ref. 35).

30

o 20—

05
,1 F—10—

I I I I I

200 400
Photon energy (eV)

FIG. 8. Branching ratio between the sum of all multielectron
processes and the 4d main line. The solid circles show the
directly measured intensity of the multielectron processes be-
tween shake-up energies of 12—22 eV, while the triangles
represent the difference between the sum of all partial cross sec-
tions and the total cross section. The two sets of data coincide
exactly at the normalization point at 130 eV.

C. 4s and "4p" subshells

The multielectron processes associated with the "4p"
and 4s subshell ionization are significantly stronger than
those of the 4d subshell. Figure 4(b) shows that they ac-
count for approximately 1.5 times the intensity of the
"4p" main line for photon energies between 300 and 400
eV, a ratio which should be approximately constant also
for higher photon energies. The existence of this struc-
tured intensity continuum, together with the missing p, &2

component of the "4p" photoline, gave rise to alternative
interpretations of this spectrum in terms of many-body
effects, in particular core-hole fluctuations. Wendin and
Ohno showed that the dipolar fluctuations of the 4p
hole prevent the existence of 4p&&2 and 4p3/2 hole states
as quasistationary states. Instead they find that the most
stable and probable state belongs to the configuration
Xe (41 4f)3/2 identifying this state with the main 4p
photoelectron peak at 145 eV accompanied by 4d mh ex-
citations and a 4d shake-off continuum. If this interpre-
tation regarding the "4p" spectrum as strong "4d-
satellite" and "shake-off" spectrum is true, there should
be a stronger similarity between the angular distribution
of the "4p" photoline and the 4d photoline than expected
on the basis of the independent-particle model. Figure 9
shows the angular-distribution asymmetry parameter p
for the 4s and "4p" photolines in comparison with the
predictions of the HF theory for p4~ and an average rep-
resentation of p4„(Ref. 16) in the same photon energy
range. This figure shows that the two sets of experimen-
tal p values p. .4~" and p4„coincide very well, in contrast
to the poor agreement with the theoretical p~" curve.
Lindle et al. ' have shown that this similarity extends
even into the Cooper-minimum region at lower photon
energies. The p values of the 4s peak deviate at some few
energies from the value p=2 expected within the single-
particle model. This could be the result of many-body
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FIG. 9. Angular-distribution asymmetry parameters for the
4s (open squares) and "4p" (circles) photolines compared to a
theoretical curve for the "4p" photoline (solid line: HF approx-
imation) and an average curve of the experimental /3 values of
the 4d photoline (dotted line: average of P~g' from Refs. 15 and

16). The open circles represent pure separated "4p" contribu-
tions, whereas the solid circles represent P values for the sum of
the "4p" peak and the subsequent "continuum" between "4p"
and 4s. The stars are separated "4p" data points from Lindle
et al. (Ref. 15).

In conclusion, we have measured partial cross sections
and angular-distribution asymmetry parameters P for
subshell photoionization of Xe in the vuv and soft-x-ray
range. The results for the inner shells are qualitatively
described by the single-particle model, in particular for
partial cross sections at higher photon energies, in con-
trast to the outer valence shells which are governed by
strong interchannel-coupling effects, especially in the in-
termediate energy range. The importance of multielec-
tron processes associated with the photoionization of the
Xe 4p and 4d subshells was proven by direct determina-
tion of the strengths of these processes in suitable photo-
electron spectra, where the different processes could be
unambigously separated. In order to evaluate curves of
partial cross sections throughout the shape-resonance re-
gion, we have performed a combined analysis of photo-
emission and photoion data. The results for the 4d par-
tial cross section within the shape resonance are in gen-
erally reasonable agreement with the MBPT calculations,
even in part with respect to the separation into single-
electron and multielectron processes. The overall com-
parison with theoretical results shows that the broad-
range behavior of the Xe photoionization still awaits a
more detailed theoretical description, in analogy to the
more prominent region of the 4d shape resonance.
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