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Extended photoionization calculations for xenon
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Partial photoionization cross sections and angular distribution asymmetry parameters for atomic

xenon have been calculated in the relativistic random-phase approximation for 26 jj-coupled chan-

nels over a wide range of energies (0—1 keV). The effects of relaxation on the 4d and 3d cross sec-

tions are examined by using a modification of the relativistic random-phase approximation that cal-

culates excited-state orbitals in the potential of the relaxed ion. Results are compared with

Hartree-Fock theory, with the nonrelativistic random-phase approximation, and with recent photo-

emission experiments.

I. INTRODUCTION

The photoionization of atomic xenon (Z=54) contin-
ues to be of considerable interest to both experimental-
ists' and theorists ' alike. Much of the recent work
has concentrated on photoionization in the vicinity of the
giant 4d shape resonance which dominates the spectrum
from the 4ds/2 threshold (67.50 eV) to the 4d Cooper
minimum at approximately 160 eV. Becker et al. ' and
Karnrnerling, Kossrnann, and Schmidt have recently
performed photoemission measurements of the 4d partial
cross section reaffirming the earlier experiments of Shan-
non, Codling, and West, Adam, and West et al. , in
particular their assumption on the strengths of mul-
tielectron processes. The experiments indicate that most
of the photoabsorption in the 4d resonance region is due
to direct photoionization of 4d electrons. However, the
effects of electron correlation are also manifested by in-
creased photoemission of 5s and 5p electrons in the same
region as well as by strong satellite photoemission. ' A
previous measurement, which provided the first direct
evidence that the emission of shakeoff electrons is one of
the dominant decay modes of the 4d ~np resonances, es-
timated the satellite contribution to the total absorption
to be as much as 50%. Presently, the experiments'
show more modest satellite contributions of approximate-
ly 25%, in good agreement with the early estimates by
El-Sherbini and Van der Wiel. " The many-body
perturbation-theory (MBPT) calculations of Altun,
Kutzner, and Kelly which included interchannel cou-
pling and relaxation effects are in good agreement with
the experiments below the peak in the 4d cross section,
but yield cross sections which are somewhat large at
higher energies where the effects of photoionization-
with-excitation channels on the 4d partial cross section
have not been fully accounted for by the theory. South-
worth et al. have measured the 4d angular distribution
asymmetry parameter 13 in the region of the giant reso-
nance.

Other regions of the xenon spectrum have also been
measured recently. Photoelectron spectroscopy has been
used by Lindle et al. to obtain partial cross sections and
P parameters for the 4d and "4p" subshells above the
Cooper minimum of the 4d cross section which occurs at
160 eV. The notation "4p" is used to indicate that the

4p»2 channel interacts strongly with double excitations
from the 4d subshell' including both satellite states
(4d nl) and double photoionization channels (4d kt).
Becker et al." have recently studied partial cross sec-
tions for 5p, 5s, 4d, 4p, 4s, and 3d subshell photoioniza-
tion betw'een 40 and 1000 eV and Fahlmann et al. ' have
determined partial cross sections for 5p and 5s subshell
photoionization at energies below the 4d thresholds.

The purpose of the present study is to determine
whether interchannel coupling and relativistic effects
within the relativistic random-phase approximation'
(RRPA) can adequately describe the observed xenon par-
tial cross sections over a wide energy range. We also in-

vestigate the effects of relaxation on the 4d and 3d cross
sections using the relativistic random-phase approxima-
tion modified to include relaxation effects (RRPAR), a
method previously applied to barium photoionization. '

II. METHOD OF CALCULATION

The present calculation includes 26 interacting jj-
coupled channels satisfying the dipole approximation
selection rules:

P 3/2 5/2 ~ 3/2 ~ 1/2

5p, /2 ~d 3/2, s1/2

1/2 P 3/2 &P 1/2

5/2 f7/2'f 5/2 tp 3/2

d 3/2 f5 /2 & p 3!2~ p 1/2

4P 3/2 5/2 ~ 3/2 ~ 1/2

4p1/2 d3/2~ 1/2

S 1/2 P3/2&P1/2

5/2 f7/2~f 5/2 ~p3/2

d3/2 f5/2t p3/2r pl/2

Detailed RRPA studies of the xenon photoionization
spectrum including cross sections, angular distributions,
spin polarization parameters, and branching ratios have
been given before. ' In this study the calculations are ex-
tended to higher energies, include more coupled channels
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than previous work, and also include relaxation effects.
Relaxation of the 4d hole is known to have a strong

inAuence on the shape of the 4d cross section for xe-
non. ' As the photoelectron is leaving the vicinity of
the ion, the ionic core readjusts to the presence of the 4d
hole and may also be polarized by the outgoing electron.
We have approximated such effects in RRPA-type calcu-
lations by computing excited-state orbitals in the V
potential of a relaxed ionic core. ' Overlap integrals be-
tween orbitals of the ground state and orbitals of the re-
laxed ion multiply the dipole matrix elements in these
calculations and lead to approximately an 11% reduction
in the 4d cross section; in the case of barium, the reduc-
tion of the 4d cross section due to overlap integrals was
about 20%.'

Strict RRPA calculations utilize the absolute values of
the Dirac-Hartree-Fock (DHF) eigenvalues (obtained, for
example, from the Oxford multiconfiguration Dirac-Fock
code of Grant et al. '

) for the photoionization thresholds.
However, the RRPA-type calculations which include re-
laxation effects were performed using the difference in the
total relativistic self-consistent energies of the neutral
atom and the ion (ESCF energies) for the photoionization
thresholds. Table I contains DHF, ASCF, and experi-
mental threshold energies obtained using photoelectron
spectroscopic methods' for all of the channels incor-
porated in the present calculations Note that, with the
exception of the valence threshold, the ASCF thresholds
agree better with experiment than do the DHF thresh-
olds. For deep inner shells with many electrons such as
3d, the ASCF energies are very good.

The hole state of the relaxed ion may be placed either
in the d»z or the d3/p subshell and the choice about
where the hole should be placed is somewhat arbitrary.
However, since the d5&z has a lower ionization energy
and also represents the largest d subshell, we have chosen
to place the hole in the d5&2 subshell. We have found the
results to depend very weakly on which subshell is
chosen. Details concerning the inclusion of relaxation
effects in RRPAR calculations are discussed elsewhere'
in the context of barium.

III. RRPA RESULTS

The RRPA calculations of the photoionization cross
sections of Xe from 0 to 300 eV are shown in Fig. 1 along
with the experimental partial cross sections. "' Since
intensity variation among the different partial cross sec-
tions is so large, the spectra are plotted on a semiloga-
rithmic scale. The measured data points are for Fahlman
et al. for lower energies, Seeker et al. for intermediate14 1

energies, and Lindle et al. in the vicinity of the Cooper
minimum of the 4d partial cross section. The Hartree-
Fock method neglects relativistic effects and interchannel
coupling. Thus it is instructive to compare the two
theoretical predictions.

Interchannel coupling between the 5p, 5s, and 4d chan-
nels has radically altered the shape of the 5s and 5p cross
sections relative to the single-particle results. The action
of the 5p channels on the 5s cross section causes the 5s
cross section to be higher at threshold than the HF result
and to decrease to a minimum at approximately 35 eV.
The effect of the 4d channels is to cause both the 5p and
Ss cross sections to have maxima which nearly coincide
with the 4d maximum and then decrease to minima near
the Cooper minimum of the 4d channels. The peak
values of the 4d and 5s cross sections in the RRPA are
somewhat larger than experiment. Altun, Kutzner, and
Kelly have demonstrated that the inclusion of relaxation

effects improves the 4d calculation in the vicinity of the

peak. Amusia has pointed out that in the nonrelativis-

tic random-phase approximation with exchange (RPAE),
the 5s cross section is larger than experiment at its max-

imum because the RPAE neglects the interaction be-

tween 5s single-vacancy states and multiply excited

states, which reduces the 5s single-vacancy partial cross
section. The spectroscopic factor, defined as the ratio of
the single-excitation channel cross section to the sum of

10
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JD

Subshell

5p3/2

5p]/2
5s]/2
4ds/2
4d 3/p

4p3/z
4p 1/2

4s] /2

3d 5/2

3d 3/2

DHF'

11.968
13.403
27.488
71.670
73.780
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175.58
229.40
694.90
708.14

~EHcF
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12.560
26.472
66.453
68.470

156.92
169.44
223.02
676.70
689.68

Expt. '

12.130
13.437
23.40
67.50
69.48

145.51

213.32
676.70
689.35

TABLE I. Photoionization threshold in eV for subshells of
xenon included in the present calculations. 10
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'Absolute value of single-particle eigenvalue from Dirac-
Hartree-Fock (DHF) calculations.
Difference of self-consistent DHF calculations for ground state

and ionic state.
'Reference 19.

FEG. 1. Partial photoionization cross sections of xenon.
RRPA represented by solid line. Measured data are from the
following authors: Sp ( ) and Ss (Q') by Fahlmann et al. , Ref.
14; Sp ( A), Ss (0), and 4d (~ ) by Becker et a/. , Ref. 1; and 4d
(0) by Lindle et al. , Ref. 8.
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FIG. 4. Angular distribution asymmetry parameters for the
photoabsorption of xenon above the Cooper minimum of the 4d
cross section. RRPA calculations are given by the various lines
5p( ) 4d ( —~ —~ —~ ) 4p (——) 4s( —.—), and
3d ( ———). Measured 4d (0) and 3d, ~, (4) are from Ref.
13. The open circles represent pure separated "4p" contribu-
tions, whereas (6) represent P values for sum of the "4p" peaks
and the subsequent "continuum between "4p" and 4s from Ref.
1. Open squares represent the 4s P parameter from Ref. 1. The
5s p parameter is not plotted because it does not deviate
significantly from the value of 2.0 in this energy region.

this region have been collected recently by Becker et al. '

The 4d p parameter is in quite good agreement with ex-
periment. The 4p p parameter obtained from the RRPA
is somewhat larger than the measured parameter; howev-
er, we note that the 4p data is a sum of contributions
from the 4p main-line channel and contributions from a
"continuum' leaving the ion in a state with energy some-
where between "4p" and 4s. ' The calculation shows very
little deviation of the 4s p parameter from the value of 2.0
predicted by I.S coupling, agreeing with experiment
within the stated error except near the 3d thresholds
where resonances may cause the large drop in the mea-
sured p. The RRPA 3d p parameter is in qualitative
agreement with experiment' but is somewhat larger at
most energie. The 5p and 5s p parameters have not been
measured at these energies to our knowledge.

IV. RESULTS INCLUDING RELAXATION

Relaxation, polarization, and photoionization with ex-
citation are important effects in photoionization which
are not included in the strict RPAE or RRPA theories.
Amusia et al. , however, demonstrated that the RPAE
theory could be modified to include relaxation effects.
The excited orbitals are calculated in the V ' potential
of a relaxed ion rather than in a frozen-core Hartree-
Fock or Dirac-Hartree-Fock potential. By substituting
orbitals obtained in this manner into the RPAE (Ref. 27)
or RRPA (Ref. 15) equations, the effects of relaxation
may be taken into account. Photoionization with excita-
tion and double photoionization are approximately ac-
counted for by including overlap integrals between orbit-
als of the initial and final states.

Figure 5 shows the results of 26 channel RRPA and

FIG. 5. Xenon partial 4d photoionization cross section.
Curve labeled RRPA is geometric mean of unrelaxed relativistic
random-phase approximation length and velocity calculations.
RRPAR is the length form of cross-section calculation includ-
ing relaxation effects and overlap integrals. Measured data are
(e), Ref. 1; (o ), Ref. 2; (A), Ref. 3; and (0), Ref. 4.

RRPAR calculations for the 4d subshell cross section.
Length and velocity results are practically identical for
the RRPA calculation, as they should be, and are plotted
as a single line. Overlap integral factors have been in-
cluded in the RRPAR calculations, reducing the partial
cross section by approximately 11/o. The length and ve-
locity results agree to within approximately 5% for the
RRPAR calculation, the velocity cross section being al-
ways smaller in magnitude. We have plotted the length
calculation. The recent photoemission measurements by
Becker et al. ' and Kammerling, Kossmann, and
Schmidt are plotted as well as the older data by Shan-
non, Codling, and West and Adam. Agreement be-
tween the RRPAR result and the experiments is quite
good for photon energies up to the peak in the cross sec-
tion. However, for energies above approximately 120 eV,
the unrelaxed result is in better agreement with the ex-
periments. This is consistent with the model used for re-
laxation. At low photoelectron energies, relaxation of the
core occurs before the photoelectron escapes the ionic
potential so that the RRPAR calculation which includes
relaxation is expected to be a good approximation. For
higher photoelectron energies, the photoelectron has es-
caped the potential before the ion has time to relax.
Thus, at high energies the RRPA without relaxation is
the better approximation.

The 3d cross section of xenon has also been shown to
be sensitive to the effects of relaxation. In Fig. 6 we
present RRPA and RRPAR calculations of the 3d partial
cross section in the near threshold region. Recent time-
of-Aight measurements by Becker et al. ' are also shown
in the figure. The RRPA cross section was computed us-
ing the DHF eigenvalue energies for 3d5&2 and 3d3/p and
the RRPAR calculation used b, SCF energies (see Table
I). The unrelaxed results (RRPA) has two very narrow
peaks which represent separate peaks in the partial cross
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FIG. 6. Xenon partial 3d photoionization cross section.
( ), RRPA calculation (not including relaxation). ———,
RRPAR calculation including relaxation effects and overlap in-

tegrals. (0), measured sum of 3d5/2 and 3d3/2 partial crass sec-
tions, Ref. 13. Solid triangles represent the same partial cross
section measured by the corresponding MNN Auger intensity,
Ref. 1.

sections for removing 3ds/2 and 3d3/2 electrons. The
peaks are considerably higher and narrower than the
peaks seen in the measured cross section. ' The relaxed
calculation (RRPAR) again shows a peak just above each
thresho1d, but they are less abrupt and in closer agree-
ment with experiment. Overlap integrals were included
in the RRPAR calculation and cause a 16% reduction in
the partial 3d photoionization cross section.

The RRPAR results for the total cross section in the
vicinity of the 3d threshold are shown in Fig. 7 along
with random-phase approximation with exchange. includ-
ing relaxation efFect (RPAER) results by Amusia and
with the measured total absorption cross section. The
RRPAR calculation for the total cross section omits
overlap integrals. The calculation by Amusia is a non-
relativistic. random-phase approximation with exchange
type of calculation and includes relaxation by using excit-
ed orbitals obtained in a relaxed potential and overlap in-
tegrals evidently are not included. The RPAER result
was originally plotted as a function of kinetic energy of
the photoelectron and has been placed on the photon en-
ergy scale by equating zero kinetic energy with our 3ds&2
EEscF threshold. Account is taken of the spin-orbit
splitting of the thresholds of the 3d s/z a d 3d
the RPAER calculation by assuming that, at the same
energy of the removed electron, the ratio of the 3ds&2 and
3d3/2 cross sections of ionization is 1.5. The RRPAR re-
sults are in agreement with total absorption measure-
ments near threshold but are somewhat low at energies
above 730 eV. This could be a re6ection of the iriadequa-
cy of the relaxation model at higher energies as
well as the neglect of double-photoionization and
photoionization-with-excitation channels. The RPAER
curve appears to be in good agreement with experiment
over the entire energy range. However, an earlier
RPAER result presented by Amusia and Ivanov is ap-
proximately 1.5 Mb lower overall and shows a peak in

FIG. 7. Xenon total absorption cross section in the region of
3d5/2 and 3d3/2 thresholds. ———,present RRPAR calcula-
tion, overlap integrals are not included in the RRPAR calcula-
tion of the total cross section. , RPAER, Ref. 28 4, mea-
surements of the total absorption, Ref. 29.

the 3ds/2 cross section of only 2.5 Mb; no discussion is
given in the later reference as to how the two RPAER
calculations difFer. It is not entirely clear what causes the
differences between the relativistic and nonrelativistic re-
sults. The. differences between the RRPAR and RPAER
cross sections are due to two possible causes: (a) the
RRPAR calculation includes more coupled channels
than the RPAER calculation and (b) relativistic efFects
may play som role here. It should be noted that the
RRPAR calculation of total absorption sums contribu-
tions from all singly-excited channels and does not in-
clude the reduction of the 3d channel due due to overlap
integrals; overlap integrals were included in the calcula-
tion of the 3d partial cross section and approximately
eliminate effects of multiple excitation resulting from
shakeup processes. '

V. CONCLUDING REMARKS

The following conclusions may be drawn from the
theoretical results presented above. First, although the
RRPA results are in reasonable agreement with experi-
mental measurements over large regions of the spectrum,
there are notable exceptions where double-electron pro-
cesses need to be included, namely, the 5s cross section in
the region of the 5p Cooper minimum, the 4p cross sec-
tion, and the 4s cross section and P parameter from
threshold to the 3d edge where theory and experiment
are in very poor agreement. It is unclear what is lacking
in the RRPA treatment of these partial cross sections.
Secondly, the inclusion of relaxation effects in an RRPA
calculation yield results for the 4d partial photoionization
cross section which agree quite well with experiment for
energies up to and including the cross section peak. Also,
the 3d photoionization cross section is strongly
influenced by relaxation near the 3d thresho1d. The in-
clusion of overlap integrals which approximately account
for the transfer of oscillator strength from the main-1ine
3d and 4d channels to doubly excited channels is essential
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for a calculation of partial 3d and 4d photoionization
cross sections.
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