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Effects of relaxation and Auger decay on photoionization calculations of argon

M. Kutzner,1 Q. Shamblin,1 S. E. Vance,2 and D. Winn3
1Physics Department, Andrews University, Berrien Springs, Michigan 49104
2Department of Physics, Columbia University, New York, New York 10027

3Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120
~Received 2 January 1996!

Photoionization cross sections, branching ratios, and photoelectron angular-distribution asymmetry param-
eters have been calculated for all Ar (Z518) subshells using the relativistic random-phase approximation, the
relativistic random-phase approximation modified to include relaxation effects, and the relativistic random-
phase approximation modified to include relaxation effects and Auger decay. Comparisons are made between
the various theoretical results and experimental data. The importance of relaxation and Auger decay is seen to
increase for deep inner subshells, particularly 1s and 2s. @S1050-2947~96!00612-9#

PACS number~s!: 32.80.Hd, 32.80.Fb
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I. INTRODUCTION

The argon atom (Z518) has been the subject of man
photoionization studies by both experimentalists and th
rists. The closed-shell structure makes an analysis of ar
accessible to a large variety of theoretical techniques. E
subshell, from the valence 3p down to the innermost 1s,
offers new challenges to theory for unique reasons.

The photoionization cross section near the valence thr
old was measured nearly three decades ago by Samson@1#.
Since then, Marr and West@2# and Chang@3# have also mea-
sured the total photoionization cross section in this regi
Houlgate et al. @4# measured the photoelectron angula
distribution asymmetry parameter for 3p electrons. Many
theoretical models of photoionization including the man
body perturbation theory~MBPT! @5#, the random-phase ap
proximation with exchange~RPAE! @6#, and the relativistic
random-phase approximation@7# were tested early on th
3p subshell of argon. All have demonstrated the importa
of including intrachannel interactions and random-phase
proximation contributions in the theories.

Photoionization from the 3s subshell has attracted a gre
deal of attention recently. The overall shape of the cr
section is driven strongly by interchannel coupling with t
3p subshell@8#. Strong satellite lines in the photoelectro
spectra@9# have been observed indicating the presence
photoionization-with-excitation channels. Very recent me
surements of Mo¨bus et al. @10# using photon-induced fluo
rescence spectroscopy and time-of-flight photoelectron s
troscopy have greatly enhanced the accuracy of c
sections and photoelectron angular-distribution asymm
parameters in this region.

Experimental measurements of the 2p subshell photoion-
ization cross section were carried out in the 1960s@11–13#.
Lindle et al. @14# and Avaldiet al. @15# have measured th
photoelectron angular-distribution asymmetry parameter
2p electrons. Amusia and Cherepkov@6# used the general
ized relativistic random-phase approximation~GRPAE! to
demonstrate the importance of relaxation in this region.

The 2s subshell of argon has had the least attention fr
both the experimental and theoretical perspectives. Lukir
and Zimkina@16# measured the photoionization cross sect
551050-2947/97/55~1!/248~8!/$10.00
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above the 2s threshold with low accuracy. Lavrentevet al.
@17# showed theoretically the effects of relaxation above
2s threshold using many-body perturbation theory in t
framework of the RPAE.

The near-thresholdK-shell photoabsorption cross sectio
of argon has become a showcase of correlation phenom
A comparison of the experimental work of Deslatteset al.
@18# with a number of theoretical calculations has demo
strated the need for inclusion of such many-body effects
core relaxation@19,20#, Auger decay@21#, and configuration
interaction@22#.

The present work is a subshell-by-subshell theoretical
vestigation of the photoionization of argon atoms to det
mine the effects of core relaxation and~where appropriate!
Auger decay on cross sections, branching ratios, and ph
electron angular-distribution parameters. We have attemp
in the case of each subshell to make comparisons betw
the latest experimental results and three theoretical mod
namely, the relativistic random-phase approximati
~RRPA!, the relativistic random-phase approximation mo
fied to include relaxation effects~RRPAR!, and the newly
developed relativistic random-phase approximation modifi
to include relaxation and Auger decay~RRPARA!. Compari-
sons presented in this way give valuable insights into
effects of various types of electron correlation.

II. METHOD

Detailed discussions of both the RRPA and the RRP
can be found elsewhere@23,24#. Here we will point out that
in the RRPA, the partial photoionization cross section fo
given subshell is given by

snk5
4p2av

3
~ uDnj→ j21u21uDnj→ j u21uDnj→ j11u2!. ~1!

In this equation,n is the principal quantum number an
k57( j11/2) for j5 l61/2, wherej and l are the single-
electron total and orbital angular-momentum quantum nu
bers. The dipole matrix elementDnj→ j 8 is the reduced RRPA
dipole matrix element for the photoionization chann
n j→ j 8.
248 © 1997 The American Physical Society
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55 249EFFECTS OF RELAXATION AND AUGER DECAY ON . . .
The angular-distribution asymmetry parameterbnk for the
subshellnk is defined in terms of the differential cross se
tion as

dsnk

dV
5

snk~v!

4p F12
1

2
bnk~v!P2~cosu!G , ~2!

wherev is the photon energy andu is the angle measure
between the direction of the incident photon and the pho
electron. When a subshell is split by spin-orbit splitting in
two different levelsj5 l61/2, it is conventional to use th
weighted average given by

bnl5

(
k52~ l11!,lkÞ0

bnksnk

(
k52~ l11!,lkÞ0

snk

. ~3!

The RRPAR method approximates the effects of core
laxation by calculating the continuum photoelectron orb
in the potential of the relaxed ion. The ionic core with t
hole in the level with j5 l11/2 has a lower ionization
threshold energy and also represents the most populate
the two levels. Thus we generally place the hole in the s
shell with the largestj for the purpose of obtaining th
VN21 potential. Overlap integrals of the form Det^f i8uf i&
between orbitals of the unrelaxed ground statef i and the
corresponding orbitals of the final relaxed statef i8 are in-
cluded in the RRPAR dipole matrix element for each el
tron i of the ionic core. Inclusion of these overlap integrals
important for calculation of the partial photoionization cro
sections since they approximately remove oscillator stren
due to double-excitation shake-up and shake-off proce
from the single-excitation channel oscillator strength@25#.
To approximately include the effects of Auger decay, we a
to the RRPAR dipole matrix element contributions involvin
overlap integrals between orbitals of the ground state and
continuum orbitals of the final state. According to Åbe
@26#, this factorization of the post-collision interaction matr
element into a one-electron energy-dependent Auger de
amplitude and the one-electron overlap matrix elemen
equivalent to approximating that the many-electron Ham
tonian matrix element that involves the final scattering wa
function describes the emission of the slow photoelect
and the fast Auger electron.

Photoionization thresholds in the strict RRPA model a
the Dirac-Hartree-Fock~DHF! eigenvalues. However, ex
perimental thresholds are frequently utilized. In this work
have used DHF threshold energies for RRPA caculations
the RRPAR and RRPARA, we have used the experime
ionization energies for calculations involving relaxation
holes in the various subshells. The DHF energies we u
were obtained using the Oxford multiconfiguration Dira
Fock computer code of Grantet al. @27# and the experimen
tal values used were from Ref.@28#. Table I summarizes the
DHF and experimental energies used for all the chann
incorporated in the present study. Note that subshells wh
the experimental threshold closely matches the differenc
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total self-consistent field energies of the neutral atom and
(DESCF) are also subshells where relaxation effects
found to be important.

The RRPA theory predicts results that are gauge indep
dent provided that one has included all possible dipo
excited channels@23#. In practice, where one limits the num
ber of channels~the truncated RRPA!, there will be
differences between the ‘‘length’’ and ‘‘velocity’’ gauge re
sults. Also, the inclusion of relaxation effects in the RRPA
and RRPARA potentials leads to differences in calculatio
performed in the two gauges. In the present calculations,
included all 16 dipole allowed channels. Hence results
calculations performed in the RRPA have the geome
mean of the length and velocity results shown in the figur
RRPAR results often have both length and velocity resu
plotted individually. Discrepancies between length and
locity results for the RRPARA are similar to those fo
RRPAR.

III. RESULTS

A. The 3p subshell

Photoionization in the vicinity of the valence-shell thres
old of argon atoms has been the focus of many experime
@1–4# and theoretical@5–7# studies. In particular, experimen
tal measurements of the total photoionization cross sec
have been reported by a number of workers@1–3#. Theoreti-
cal investigations employing the RPAE@6#, RRPA @7#, and
MBPT @5,29# have all been used to study this region. Tulk
and Åberg@19# calculated the effects of relaxation on th
3p subshell cross section using the multiconfiguration m
tichannel Dirac-Fock~MMCDF! method and found the dif-
ferences between relaxed and unrelaxed calculations to
modest. Large relaxation effects are not expected for vale
photoionization since by Gauss’s law the potentials
inner-shell electrons are affected little by the presence
absence of a valence electron.

Total photoionization cross section results for the pres
work are shown in Fig. 1~a! along with the experiments o
Samson@1#, Marr and West@2#, and Chang@3#. When dis-
playing the RRPA results, we show only the geometric me
of length and velocity calculations since the two agree w
the RRPAR length and velocity results are shown separa

TABLE I. Photoionization thresholds~in a.u.! for the various
subshells of atomic argon. The second column lists the abso
values of single-particle eigenvalues from a Dirac-Hartree-F
~DHF! calculation. The third column lists experimental thresho
from Siegbahn and Karlsson@28#. The fourth column lists the ab
solute value of the difference between self-consistent field calc
tions of total energy of the neutral atom and the ion (DESCF).

SubshellJ DHF Experiment DESCF

1s1/2 119.12688 117.814 117.934936
2s1/2 12.411606 11.994 12.0249023
2p1/2 9.6319574 9.215560 9.20477195
2p3/2 9.5470662 9.136652 9.12316894
3s1/2 1.2865872 1.0767 1.22851563
3p1/2 0.59538510 0.58567 0.54669189
3p3/2 0.58782064 0.57916 0.53991699
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FIG. 1. Photoionization parameters for the 3p subshells of atomic argon. Solid curves represent RRPA results and dashed~dotted! lines
are the RRPAR length~velocity! results of this work.~a! Total photoionization cross section where experimental data are represent
solid dots, Marr and West@2#; inverted triangles, Samson@1#; and solid squares, Chang@3#. MMCDF calculations@30# are represented by
triangles and MBPT@29# by the dashed curve.~b! Partitioning of the total absorption cross section into partial cross sections. The soli
is the total, the dashed line is the 3p3/2, and dotted line is the 3p1/2 cross section.~c! Branching ratiosg5s(3p3/2)/s(3p1/2) with the same
lines as in~a!. ~d! Photoelectron angular-distribution asymmetry parameters with the experimental data from Houlgateet al. @4#. Solid
squares are MMCDF calculations@30#.
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to show the amount of the disagreement. The threshold
ergies assumed for the two sets of calculations are sho
Near threshold the effect of relaxation is to reduce the sl
of the photoionization cross section and lower the peak va
from 39.1 Mb to 34.0 Mb. At a photon energy of approx
mately 1 a.u., the RRPAR calculations including relaxat
become larger than the unrelaxed RRPA calculations. It
typical feature of relaxation effects to redistribute the os
lator strength to higher photoelectron energies. This can
thought of in terms of the photoelectron being given an
ditional boost in kinetic energy due to relaxation of the
maining electrons. The RRPA is expected to be in be
agreement with experiment than RRPAR at higher pho
electron energies since relaxation does not have time to
effect when the photoelectron is fast.

For comparison puroposes we have also plotted, in
1~a!, the MBPT calculations of Wijesudera and Kelly@29#
and the recent MMCDF calculations of Tulkki@30#. The
MBPT calculation does not include relaxation explicitly b
does include coupling among various channels including
ellite channels and RPAE-type diagrams. The series of re
nances preceding the 3s threshold in the MBPT calculation
result from interactions between 3s→np excited states and
the 3p channel. The MMCDF calculation includes relativi
tic effects, interchannel coupling, relaxation effects, but
RPAE-type diagrams. Clearly the RPAE effects are imp
tant for photoionization of the valance subshell.

The RRPAR total photoionization cross section and
partial 3p1/2 and 3p3/2 cross sections are shown in Fig. 1~b!.
The sum of the partial 3p1/2 and 3p3/2 cross sections is no
n-
n.
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identical with the total photoionization cross section in t
RRPAR since the partial cross sections are reduced by
proximately 4% by the inclusion of overlap integrals amo
the various spectator electrons.

The branching ratiog5s(3p3/2)/s(3p1/2), shown in Fig.
1~c!, deviates from the statistical ratio of 2 over this ener
region. Spin-orbit splitting of the threshold energies alo
with the overall cross-section shape account for most of
structure seen in the branching ratios. The 3p1/2 cross section
has a shape similar to the 3p3/2 cross section~scaled down by
a factor of 2!, but lagging by the spin-orbit splitting of the
thresholds, approximately 0.0066 a.u. Thus, when the 3p3/2
cross section is increasing~decreasing!, the branching ratio is
greater than~less than! 2.

The angular-distribution asymmetry parameters for
3p subshells are shown in Fig. 1~d! along with the experi-
mental measurements of Houlgateet al. @4#. Relaxation ef-
fects are minor near threshold. As it is expected for pho
energies above approximately 1.5 a.u., the unrelaxed RR
calculation is in better agreement with experiment than
relaxed calculation. The MMCDF results@30# are also shown
and agree fairly well with the RRPAR results.

B. The 3s subshell

The penultimate subshell of argon has proven interes
because of strong interchannel coupling between the
channels and the predominant 3p channels@8#. The Cooper
minimum of the 3p subshell cross section leads to a cor
sponding minimum in the 3s subshell cross section. In thi
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55 251EFFECTS OF RELAXATION AND AUGER DECAY ON . . .
study, we have calculated the photoionization parameters
ing three different models. The RRPA calculations inclu
most effects of both ground- and final-state correlations. C
culations in the RRPAR model include RRPA effects as w
as relaxation effects by calculating continuum orbitals in
potential of a relaxed ion and using the experimental thre
olds. In the RRPAR, overlap integrals are included betw
the various spectator electrons of the ionic core when ca
lating partial cross sections for a specific subshell. The th
technique, RRPARA, contains relaxation effects as in
RRPAR, but also accounts for Auger decay of 3p electrons
into the 3s hole state by including energy-dependent re
rangement terms in the dipole matrix element that re
from overlap integrals between continuum orbitals andp
ground-state orbitals. In this instance, the specific term ad
to the RRPAR dipole matrix element is

2
~D3s→3p

j8
!^3pj uepj8&

^3pj u3pj8&
. ~4!

Partial photoionization cross sections for the 3s subshell
obtained by the RRPA, RRPAR, and RRPARA methods
shown in Fig. 2~a! along with the experimentally measure
cross sections of Marr and West@2#, Houlgateet al. @31#,
Lynch et al. @32#, and recent measurements by Mo¨buset al.
@10#. The effect of the strong interchannel coupling wi
3p channels ensures that all three models obtain a minim
at approximately the same energy, although the RRPA
calculation never exactly vanishes. Ignoring the shift
threshold, it appears as if relaxation has enhanced the c
section at low photoelectron energies, perhaps by displa
oscillator strength from bound-bound transitions bel
threshold. Auger decay from the 3p subshell has enhance
the cross section for energies below the minimum and
creased the cross section for higher energies. The RRPA
calculations are in excellent agreement with the recent m
surements of Mo¨bus et al. @10# at energies below 2.0 a.u
although the theory does not reproduce double-electron r
nances just above threshold. Partial 3s photoionization cal-
culations in MBPT by Wijesundera and Kelly@29# are in
better agreement with experiment above 2 a.u. This is p
ably due to inclusion of coupling with satellite channels th
remove flux from the main-line 3s cross section. Result
from MMCDF calculations@30# are also shown. Although
the MMCDF has relaxation included similarly to th
RRPARA and interchannel coupling, it does not include
the diagrams that characterize the RPAE. The total photo
ization cross sections shown in Fig. 2~b! are due in large par
to contributions from the 3p subshell and appear relative
insensitive to the effects of Auger decay in this region.

The angular-distribution asymmetry parameterb3s
@shown in Fig. 2~c!# is affected strongly by Auger decay
Both the RRPA and RRPAR results show large departu
from the nonrelativistic value of 2 at the location of th
Cooper minimum. Including Auger effect terms@Eq. ~4!#
prevents the matrix elements from going completely to z
at the minimum, thus suppressing the reduction in
angular-distribution asymmetry parameter. The RRPA
calculations are in reasonable agreement with the re
measurements of Mo¨bus et al. @10#. The MMCDF calcula-
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tions including relaxation@30# are also in resonable agree
ment apart from a small energy shift.

When relativistic effects are neglected, the angul
distribution asymmetry parameter for photoelectrons or
nating in ans subshell of a closed-shell atom has the value
2 independent of energy. The dip seen in Fig. 2~c! is due to
coupling between the 3s→kp3/2 channel and the 3s→kp1/2
channel in the vicinity of the minimum of the cross sectio
Applying the formulation for the electric dipole asymmet
parameter to the present case gives@34#

b3s5
2D3/2

2 14D1/2D3/2cos~d1/22d3/2!

D1/2
2 12D3/2

2 , ~5!

whereDj are the dipole matrix elements andd j are the phase
shifts. When the matrix elementsD1/2 andD3/2 are approxi-
mately equal and the phase shiftsd1/2 andd3/2 are approxi-
mately equal,b3s is approximately 2. In the vicinity of the
Cooper minima where the two channels may have minim
slightly different energies, the matrix elements may be qu
different causing deviations ofb3s from 2. Adding contribu-

FIG. 2. Theoretical and experimental data for photoionization
the argon 3s subshell.~a! The solid line is the RRPA, the dashe
~dotted! line is the RRPAR length~velocity! form, and the dot-
dashed curve is the geometric mean of the RRPARA. The exp
mental data are represented by solid dots, Mo¨buset al. @10#; open
circles, Marr and West@2#; squares, Houlgateet al. @31#; and tri-
angles, Lynchet al. @32#. MMCDF calculations@30# are inverted
triangles; MBPT@29# are diamonds.~b! Total photoionization cross
sections displayed with the same line representation as in~a!. ~c!
Angular-distribution asymmetry parameters. Experimental d
~solid dots! are from Möbuset al. @10#. MMCDF calculations@30#
are triangles.
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FIG. 3. Total photoionization cross sections for the argon 2p subshell. Theory: thick solid line, the unrelaxed RRPA total cross sect
dot-dashed line, the RRPARA that includes relaxation effects; dotted line, the GRPAE by Amusia@21#; and dashed line, MBPT including
polarization by Pan and Kelly@33#. Experiment: solid dots, Deslattes@12#; solid triangles, Lukirskii and Zimkina@11#; and thin solid line,
Nakamuraet al. @13#. The data from Nakamuraet al.was not on an absolute scale and was scaled for this figure to the RRPARA calcu
at 9.30 a.u.
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tions from Auger decay to the dipole matrix elements p
vents the matrix elements from vanishing and thus smoo
the dip inb3s .

C. The 2p subshell

The importance of rearrangement in calculations of
2p subshell cross section of Ar is clear in Fig. 3. The to
photoionization cross-section results in the RRPA a
RRPARA are plotted along with the nonrelativistic GRPA
calculation of Amusia and Cherepkov@6# and the MBPT
calculation including relaxation and polarization effects
Pan and Kelly@33#. The MBPT calculation demonstrates th
large effect of polarization diagrams and is approximately
agreement with experiment@12# near the peak; however
they disagree at higher energies. The experimental
shown are from Lukirskii and Zimkina@11#, Deslattes@12#,
and Nakamuraet al. @13#. The measurements of Nakamu
et al. @13# have been scaled to agree with the RRPARA
9.23 a.u. A simple scaling of the measurements of Desla
@12# would bring them into excellent agreement with t
RRPARA calculations. It should be noted that the Aug
effects are small and we have not plotted the RRPAR ca
lations since they are indistinguishable from the RRPAR

In Fig. 4~a! we show the breakdown of the total photoio
ization cross section into various partial cross sections ab
the 2p photoionization threshold in the RRPARA. The tot
photoionization cross section is shown without the reduct
due to overlap integrals among the spectator electrons;
then includes, approximately, the contributions of doub
photoionization and photoionization-with-excitation cha
nels in the total. The 2p3/2 and 2p1/2 partial cross sections ar
also shown, as is the sum of all 3s and 3p channels.

Figure 4~b! is a comparison between the partial 2p photo-
ionization cross section calculated in the RRPA a
RRPARA. An overall reduction in the RRPARA cross se
-
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tion is due to overlap integrals of the sudden approximat
redistrubuting flux to multiple-excitation channels. Th
large, energy-dependent change in the cross section is d
differences in the potential of the outgoing photoelectro
Corresponding differences are noted in the branching r
g5s(2p3/2)/s(2p1/2) plotted in Fig. 4~c!. The relaxed cross
sections that begin with positive slope lead tog.2, whereas
the RRPA cross sections beginning with negative slope l
to g,2.

Angular-distribution asymmetry parameters for the RRP
and RRPARA are shown in Fig. 4~d! along with the data of
Lindle et al. @14#, taken at two different synchrotron source
and Avaldi et al. @15#. It is possible that the discrepanc
between theory and experiment near 9.5 a.u. is due to po
ization effects, which Pan and Kelly@33# demonstrated are
significant in 2p cross-section calculations.

D. The 2s subshell

The effects of interchannel coupling and rearrangem
on the 2s subshell cross section of Ar were studied
Lavrentevet al. @17# in the framework of the nonrelativistic
RPAE and included rearrangement with a technique simi
to that used in the present RRPARA model. Experimen
measurements of the 2s partial cross sections were reporte
by Lukirskii and Zimkina@16#.

Results of the RRPA, RRPAR, and RRPARA calculatio
are plotted in Fig. 5 along with the experimental measu
ments @17# and the RPAE calculations of Lavrentevet al.
@17#. Both the 2p and 3p subshell electrons can make Aug
transitions into the 2s hole with 3p→2s transitions having
the largest effect~70% increase! on the cross section an
2p→2s transitions having a smaller effect~6% decrease!.
Uncertainty in the experimental results hinders an accu
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FIG. 4. Photoionization parameters for the argon 2p subshell.~a! Solid line, total photoionization cross section; dashed line, par
2p3/2 cross section; dotted line, partial 2p1/3 cross section; and dot-dashed line, sum of other single-excitation channels in the RRP
~b!–~d! Solid line, the RRPA; dot-dashed line, the RRPARA geometric mean. The RRPAR and RRPARA are indistinguishab
branching ratiog in ~c! is defined byg5s(2p3/2)/s(2p1/2). The experimental data are shown in~d! by solid dots and inverted triangles
Lindle et al. @14#, and triangles, Avaldiet al. @15#.
an
te
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th

m-
cay,
r-
n be
comparison between the various theoretical predictions
experiment. It is hoped that the present work will stimula
further experimental work on this subshell cross section. T
excellent agreement between the RRPARA and RPAE@17#
calculations shows that relativistic effects are minimal in
case.
d

e

e

E. The 1s subshell

Deep inner-shell photoionization is influenced by a nu
ber of effects. Rearrangement, radiative decay, Auger de
and post-collision interaction can all play a role. The impo
tance of the effects of rearrangement and Auger decay ca
xation

FIG. 5. Partial photoionization cross sections for the 2s subshell of argon. The solid line is RRPA; the dashed~dotted! line is the RRPAR

length~velocity! form. The dot-dashed line is the geometric mean of length and velocity for the RRPARA. The RPAE including rela
@17# is given by the double-dot–dashed line. The experiment, represented by solid triangles, is from Lavrentevet al. @17#. A representative
error bar is shown for the experiment.
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FIG. 6. Photoionization cross sections of the 1s subshell of argon. The solid line is the RRPA and the dashed~dot-dashed! line is the
geometric mean of the RRPAR~RRPARA! length and velocity forms. The inverted triangles are calculations allowing for 1s vacancy Auger
decay by Amusia@21#. The dotted line is from the experiment of Deslatteset al. @18#.
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seen in Fig. 6, where the total photoionization cross sect
in the RRPA, the RRPAR, and the RRPARA are sho
along with the RPAE calculation of Amusia and Cherepk
@6# including 1s vacancy Auger decay and the experimen
absolute measurement of Deslatteset al. @18#. The RRPA
result ~which includes no rearrangement effects! has clearly
the wrong distribution of oscillator strength near thresho
but eventually converges to the measured values. The e
of relaxation~as in the RRPAR result! is to drastically re-
duce the cross section near threshold. The inclusion of re
ation and Auger decay~RRPARA! leads to improved agree
ment between theory and experiment. The RRPA
calculation cross section is somewhat large near thres
and also does not account for the resonance structure se
0.70 a.u. above threshold. Saha@22# has determined that thi
is a double-electron resonance where 1s and 3p electrons are
virtually excited into a 3d2 state.

As is the case with the 2s subshell, both the 2p and 3p
subshell electrons can make Auger transitions into the
hole with 3p→1s transitions having the largest effect on th
cross section~77% increase! and 2p→1s transitions having
a smaller effect~30% increase!.

Significant differences are to be noted between thes
Auger decay calculation of Amusia and Cherepkov@6# and
the present result. Two physical effects could possibly
count for the difference:~a! Relativistic effects are included
in the RRPARA calculation but not in the RPAE calculatio
and ~b! Amusia and Cherepkov@6# include 1s vacancy Au-
ger decay by calculating the wave function of the slow ph
toelectron in the field of the doubly ionized rather than of t
singly ionized residual ion. This second effect is almost c
s

l

,
ct

x-

ld
n at

s

-

-

r-

tainly more important than relativistic effects since spin-or
splitting of thresholds is not a large factor here.

IV. CONCLUSION

Photoionization cross sections, branching ratios, and p
toelectron angular-distribution asymmetry parameters h
been calculated in the RRPA, RRPAR, and RRPARA mo
els for all subshells of argon. Relaxation effects are see
increase as deeper inner-subshells are considered. Thes,
2s, and 2p subshell cross sections are all very sensitive
relaxation. Auger decay was found to be an important c
tribution to the cross section for 1s and 2s subshells, but not
for the 2p subshell.

None of the calculations explicitly included the effects
core polarization. These polarization effects should be
cluded in photoionization calculations near the 2p and 3p
thresholds since thes wave potential, having no centifuga
term, may change considerably when a short-range polar
tion potential is added.

This study has highlighted the need for more accur
experimental measurements for the deep inner shells o
gon, especially the 2s subshell. The new generation of syn
chrotron sources should make such measurements poss

ACKNOWLEDGMENTS

This work was partially supported by a grant from th
Andrews University Office of Scholarly Research. The a
thors wish to thank V. Radojevic´ for use of theRRPARcode
and Walter Johnson for use of theRRPA code.



J.

.

.

hy

r,

Ya
a-

.

.

.

,

I.

s,

-

ol-
on

s,

1

J.

s.

55 255EFFECTS OF RELAXATION AND AUGER DECAY ON . . .
@1# J. A. R. Samson, Adv. At. Mol. Phys.2, 177 ~1966!.
@2# G. V. Marr and J. B. West, At. Data Nucl. Data Tables18, 497

~1976!.
@3# T. N. Chang, Phys. Rev. A15, 2392~1977!.
@4# R. G. Houlgate, J. B. West, K. Codling, and G. V. Marr,

Electron Spectrosc.9, 205 ~1976!.
@5# H. P. Kelly and R. L. Simons, Phys. Rev. Lett.30, 529~1973!.
@6# M. Ya. Amusia and N. A. Cherepkov, Case Stud. At. Phys5,

47 ~1975!.
@7# W. R. Johnson and K. T. Chang, Phys. Rev.20, 978 ~1979!.
@8# M. Ya. Amusia, V. K. Ivanov, N. A. Cherepkov, and L. V

Chernysheva, Phys. Lett.40A, 361 ~1972!.
@9# H. Kossmann, B. Krassig, V. Schmidt, and J. E. Hansen, P

Rev. Lett.58, 1620~1987!.
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