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Relaxation effects in inner-shell photoionization of Mg, Ca, and Sr

M. Kutzner, V. Maycock,* J. Thorarinson, E. Pannwitz, and J. A. Robertson†
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Total and partial photoionization cross sections have been calculated for all inner subshells of atomic
magnesium, calcium, and strontium in 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 and Auger decay. Results of the three models are compared with Dirac-Hartree-
Fock calculations and with semiempirical results so that the import of various many-body effects can be
assessed. Branching ratios and photoelectron angular-distribution asymmetry parameters are also presented for
np subshells. Substantial relaxation effects are noted for photoionization of 1s and 2s subshells.
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I. INTRODUCTION

Valence photoionization of the alkaline-earth-metal ato
magnesium (Z512), calcium (Z520), and strontium (Z
538) has attracted much attention in recent decades.
double-electron resonances that dominate the low-energ
gion of the absorption spectrum have provided serious c
lenges to theorists. These challenges have been largely
through studies involving many-body perturbation theo
~MBPT! @1#, theR-matrix method combined with multichan
nel quantum-defect theory@2#, configuration interaction for
the continuum@3#, and the hyperspherical-coordinate a
proach @4#. Although photoionization with excitation cer
tainly occurs for inner-shell photoionization, as confirmed
the cases of argon@5#, krypton @6#, and xenon@7#, the
double-electron resonances are not expected to dominat
inner-shell cross sections as seen for valence photoioniza
where thens2→nsep cross section passes through a Coo
minimum.

Inner-shell photoionization highlights a different set
many-body interactions, which include interchannel co
pling, core relaxation, polarization, and Auger decay. As
from the purely theoretical interest generated by the comp
electron correlation of such systems, accurate models of
lar interiors and the interstellar medium require reliab
photoionization cross-section data@8#, especially for such
notable ‘‘heavy’’ elements as magnesium and calcium.

Recently, Henkeet al. @9# have published a compilation o
experimental and semiempirical x-ray absorption cross s
tions over a wide range of energies including inner-sh
photoionization for Mg, Ca, and Sr. It is important to no
that the experimental data@9# are based on transmission e
periments on solid samples and may not accurately repre
atomic photoabsorption cross sections for photon ener
near thresholds. On the theoretical front, Chantler@10# has
reported results of Dirac-Hartree-Fock calculations provid
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an important single-particle approximation reference. Inn
shell calculations in the relativistic random-phase appro
mation~RRPA! @11# have previously been reported for theL
shell of Mg by Deshmukh and Manson@12# and Nasreen
et al. @13# and theM shell of Ca by Deshmukh and Johnso
@14#. A previous theoretical study@15# investigated relax-
ation effects in penultimate-shell photoionization of Mg, C
and Sr using the relativistic random-phase approximat
modified to include relaxation effects~RRPAR! but did not
examine photoionization fromK shells or theL shell of Ca
and did not include the effects of Auger decay. Studies
inner-shell photoionization of neighboring elements Ne@16#
and Ar @17# using the relativistic random-phase approxim
tion modified to include effects of relaxation and Auger d
cay ~RRPARA! showed the necessity of including both e
fects in calculations ofK-shell electrons. The effect o
relaxation on the 3d subshell of Sr has been previously stu
ied @15#, whereas here we examine many-body effects onK-
andL-shell photoionization.

In addition to the total photoionization cross sections,
partial cross sections for individual channels and the pho
electron angular-distribution asymmetry parametersb also
yield insight into many-body interactions. Relaxation effec
have been found to considerably alter the branching ratio
partial cross sections and angular-distribution asymmetry
rameters@16,18,19#. In the case of photoionization of an in
ner ns2 subshell electron in the vicinity of a more domina
np6 cross section, it may be that the effects of core rel
ation of thens hole are only apparent upon examination
the weakerns2→nsep partial cross section rather than th
total absorption cross section.

The purpose of this paper is to consider the role of vario
many-body effects in inner-shell photoionization of Mg, C
and Sr for energies near the respective thresholds. By c
paring a sequence of theoretical calculations including Dir
Hartree-Fock@10#, RRPA, RRPAR, and RRPARA, and ex
perimental or semiempirical results@9# ~where possible!, we
can judge the relative importance of interchannel coupli
core relaxation, and Auger decay. In Sec. II, we review
methods of the RRPAR and RRPARA. The results are
ported in Sec. III in a shell-by-shell manner. Section IV is
discussion of some of the implications of this work.

al

s,
-

©2002 The American Physical Society15-1



p

he

um
e
he

-

th
ll

re
al
he
-
tw

th

-

fo
nc
le
g

dd
n-
at
, i
he

re
-
e

cal-
Ox-
nt
he

la-

n
ues,

en-
le-
ll

hird
rom

of
en-

5

2
9

2

3
9

8

M. KUTZNER et al. PHYSICAL REVIEW A 66, 042715 ~2002!
II. METHODS

The RRPA developed by Johnson and co-workers@11# is a
fully relativistic implementation of the random-phase a
proximation with exchange~RPAE! @20#. In the RRPA, the
partial photoionization cross section for a particular subs
is given by

snk5
4p2av

3
~ uDn j→ j 21u21uDn j→ j u21uDn j→ j 11u2!,

~1!

wheren is the principal quantum number,v is the photon
energy, andk57( j 11/2) for j 5,6 1

2 , where j and , are
the single-electron total and orbital angular-moment
quantum numbers, respectively. The dipole matrix elem
Dn j→ j 8 is the reduced RRPA dipole matrix element for t
photoionization channeln j→ j 8.

The angular-distribution asymmetry parameterbnk for the
subshellnk is defined in terms of the differential photoion
ization cross section as

dsnk

dV
5

snk~v!

4p F12
1

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

whereu is the angle measured between the directions of
incident photon and the photoelectron. When a subshe
split by spin-orbit splitting into two different levelsk andk8,
it is conventional to use the weighted average given by

bnk5
snkbnk1snk8bnk8

snk1snk8
. ~3!

The RRPAR method approximates the effects of core
laxation by calculating the continuum photoelectron orbit
in the potential of the relaxed ion. The ionic core with t
hole in the level withj 5,1 1

2 has a lower ionization thresh
old energy and also represents the most populated of the
levels. Thus, we generally consider the hole to be in
subshell with largestj for the purpose of obtaining theVN21

potential. Overlap integrals of the form Det^f i8uf i& between
orbitals of the unrelaxed ground statef i and the correspond
ing orbitals of the final relaxed statef i8 are included in the
RRPAR dipole matrix element for each electroni of the ionic
core. Inclusion of these overlap integrals is important
calculation of the partial photoionization cross sections si
they approximately remove oscillator strength due to doub
excitation shake-up and shake-off processes from the sin
excitation channel oscillator strength@21#. In the RRPARA
we approximately include the effects of Auger decay, by a
ing to the RRPAR dipole matrix element contributions i
volving overlap integrals between orbitals of the ground st
and the continuum orbitals of the final state. For example
the case of theK shell of Ca, the specific terms added to t
RRPAR dipole matrix elements are

2 (
n52

3

(
j 51/2

3/2 ~D1s→np
j8
!^npj u«pj8&

^npj unpj8&
. ~4!
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Photoionization thresholds in the strict RRPA model a
the Dirac-Hartree-Fock~DHF! eigenvalues. However, ex
perimental thresholds are frequently utilized. In this work w
have used DHF eigenvalues as the threshold for RRPA
culations. The DHF eigenvalues were obtained using the
ford multiconfiguration Dirac-Fock computer code of Gra
et al. @22# In the RRPAR and RRPARA, we have used t
experimental threshold energies@9# although the absolute
value of the difference in total self-consistent-field calcu
tion energies of the neutral atom and the ion (DESCF) ac-
counts for much of the correlation for inner-shell ionizatio
and could be used. Table I summarizes the DHF eigenval
experimental threshold energies@9,23#, andDESCF energies
of Mg, Ca, and Sr for comparison.

The RRPA theory predicts results that are gauge indep
dent provided that one has included all possible dipo
excited channels@11#. The present calculations include a
dipole-allowed photoionization channels, namely,

1s1/2→ep3/2,ep1/2,

TABLE I. Photoionization thresholds~in a.u.! for the various
subshells of atomic magnesium, calcium, and strontium. The t
column lists the absolute values of single-particle eigenvalues f
a Dirac-Hartree-Fock calculation using the code of Ref.@22#. The
fourth the fifth columns list experimental thresholds from Refs.@9#
and @23#, respectively. The fifth column lists the absolute value
the difference between self-consistent-field calculations of total
ergy of the neutral atom and the ion (DESCF).

Atom Subshell DHF Expt.@9# Expt. @23# DESCF

Mg 1s1/2 49.126 68 47.885 48.174 48.203 9
2s1/2 3.780 15 3.26 3.55 3.596 01
2p1/2 2.288 30 1.83 2.126 2.079 73
2p3/2 2.276 73 1.82 2.116 2.069 21
3s1/2 0.253 44 0.2810 0.243 21

Ca 1s1/2 150.164 28 148.41 148.925 05
2s1/2 16.967 45 16.11 16.546 75
2p1/2 13.731 64 12.85 13.25 13.263 1
2p3/2 13.592 48 12.72 13.12 13.217 9
3s1/2 2.262 05 1.63 2.160 89
3p1/2 1.349 20 0.933 1.274 1.250 06
3p3/2 1.333 80 0.933 1.261 1.235 53
4s1/2 0.196 31 0.2246 0.188 96

Sr 1s1/2 595.637 61 591.828 593.596 9
2s1/2 83.146 32 81.447 82.110 60
2p1/2 75.375 92 73.748 74.241 46
2p3/2 72.842 38 71.278 71.729 74
3s1/2 13.959 74 13.18 13.606 69
3p1/2 11.078 02 10.30 10.59 10.719 7
3p3/2 10.672 97 9.922 10.23 10.323 4
3d3/2 5.628 56 4.998 5.292 5.256 10
3d5/2 5.558 16 4.932 5.229 5.189 45
4s1/2 1.948 91 1.43 1.866 21
4p1/2 1.126 415 0.794 1.072 1.048 5
4p3/2 1.079 93 0.746 1.037 1.004 39
5s1/2 0.181 26 0.209 0.174 56
5-2
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RELAXATION EFFECTS IN INNER-SHELL . . . PHYSICAL REVIEW A 66, 042715 ~2002!
2s1/2→ep3/2,ep1/2,

2p1/2→ed3/2,es1/2,

2p3/2→ed5/2,ed3/2,es1/2,

3s1/2→ep3/2,ep1/2,

1s1/2→ep3/2,ep1/2,

2s1/2→ep3/2,ep1/2,

2p1/2→ed3/2,es1/2,

2p3/2→ed5/2,ed3/2,es1/2,

3s1/2→ep3/2,ep1/2,

3p1/2→ed3/2,es1/2,

3p3/2→ed5/2,ed3/2,es1/2,

4s1/2→ep3/2,ep1/2,

and

1s1/2→ep3/2,ep1/2,

2s1/2→ep3/2,ep1/2,

2p1/2→ed3/2,es1/2,

2p3/2→ed5/2,ed3/2,es1/2,

3s1/2→ep3/2,ep1/2,

3p1/2→ed3/2,es1/2,

3p3/2→ed5/2,ed3/2,es1/2,

3d3/2→e f 5/2,ep3/2,ep1/2,

3d5/2→e f 7/2,e f 5/2,ep3/2,

4s1/2→ep3/2,ep1/2,

4p1/2→ed3/2,es1/2,

4p3/2→ed5/2,ed3/2,es1/2

for Mg, Ca, and Sr, respectively.
The inclusion of relaxation effects in the RRPAR a

RRPARA photoelectron potentials and use of threshold e
gies other than DHF eigenvalues leads to differences in
culations performed in the ‘‘length’’ and ‘‘velocity’’ gauges
Results of calculations of cross sections presented in
paper will normally appear as the geometric mean of len
and velocity results because the geometric mean is less
sitive to ground-state correlations@24#.
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r-
l-

is
h
en-

Regions just below thresholds where autoionizing re
nances may dominate the cross section have not been
with in this work. A combination of RRPA dipole matrix
elements and the relativistic multichannel quantum-def
theory could be used to study these interesting and com
regions in the absorption spectrum.

III. RESULTS

A. Magnesium

1. 1s subshell

The total photoionization cross sections above theK-shell
threshold of magnesium are shown in Fig. 1. The semiem
ical data are from Henkeet al. @9# and represent the tota
x-ray absorption cross section. The theoretical models sh
in Fig. 1 include the single-particle Dirac-Hartree-Fock c
culations of Chantler@10#, the RRPA, the RRPAR, and th
RRPARA.

Very close to theK-shell threshold, where many-body e
fects are expected to be most notable, the DHF calculat
@10# predict a cross section only slightly below the sem
empirical values and the RRPA calculations yield a cro
section that is clearly larger than the semiempirical valu
Including relaxation effects in the RRPAR significantly r
duces the RRPA cross section near threshold, even chan
the sign of the slope of the cross section. However, the
ditional inclusion of terms accounting for overlap integra
between orbitals of the neutral ground-state atom with
continuum orbitals of the relaxed ion@see Eq.~4!# in the
RRPARA leads to excellent agreement between theory
the semiempirical result. Similar many-body effects we
noted previously forK-shell photoionization of Ne@16# and
Ar @17#.

FIG. 1. Total photoionization cross sections of magnesi
above theK-shell threshold. The dotted line represents Dira
Hartree-Fock calculations of Ref.@10#, the solid line represents th
RRPA, the dashed line is the RRPAR, and the dot-dashed line is
RRPARA. The semiempirical data from Ref.@9# are represented a
solid triangles. The Dirac-Hartree Fock eigenvalue~DHF! and the
experimental threshold@9# are indicated by vertical lines.
5-3
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M. KUTZNER et al. PHYSICAL REVIEW A 66, 042715 ~2002!
At energies well above threshold, the frozen-core mod
~i.e., Dirac-Hartree-Fock and RRPA models! should provide
reliable cross sections since the photoelectrons have gr
kinetic energy and leave the vicinity of the core of specta
electrons before substantial rearrangement can take plac
the limit of high frequency, it is expected that all of th
models will converge to the familiar single-particle for
~see, e.g., Ref.@25#!

s~v!}v27/2; ~5!

however, it is possible for interchannel-correlation effects
persist even asymptotically@26#.

Additional information concerning electron correlatio
can be obtained by partitioning the total photoionizati
cross section into various partial cross sections. Whe
frozen-core potential is used, the sum of partial sing
photoionization-channel cross sections effectively acco
for all double excitation~shake-up! and double photoioniza
tion ~shake-off! that accompany the ejection of the phot
electron@21,27#. This explains the good agreement betwe
the RRPA and the total absorption cross section@9# well
above threshold. An experimental partitioning of the to
photoionization cross section, however, would find that
main-line 1s partial cross section is lower than that predict
by the frozen-core model because of the transfer of oscill
strength to doubly excited states. Calculations that incl
core relaxation can approximately account for this flux tra
fer by the inclusion of overlap integral matrix elements b
tween the initial- and final-state one-electron four-spinors
the transition amplitude. The RRPARA total cross sect
and various single-excitation partial photoionization cro
sections are shown in Fig. 2. The inclusion of overlap in
grals reduces the partial 1s cross section by approximatel
28%, which provides an energy-independent estimation
the amount of absorption due to doubly excited channels.
the 1s cross section, we do not present the angu

FIG. 2. RRPARA photoionization cross sections of magnesi
above theK-shell threshold. The solid line represents the to
photoionization cross section. The dot-dashed line represents
partial 1s cross section. The dashed line represents the sum o
other single-excitation-channel cross sections in the vicinity.
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distribution asymmetry parameters since they vary little fro
the constant value of 2 predicted by the single-parti
model.

2. 2s subshell

In the vicinity of the threshold for photoionization of 2s
electrons, the total absorption is dominated by 2p-subshell
photoionization which is approximately an order of mag
tude larger than the 2s partial cross section. Therefore eve
major modifications of the 2s partial cross section due t
many-body effects lead to only subtle changes in the to
absorption cross section. For this reason, we focus on ths
partial cross sections rather than the total absorption. Ca
lations of the 2s cross section of Mg have been previous
reported in single-particle nonrelativistic Hartree-Fock~HF!
@1#, Hartree-Slater~HS! @12#, MBPT @1#, and RRPA@12#
calculations where it was found that interchannel coupl
between the 2s and 2p channels was very important. Figur
3 shows the 2s partial cross sections as calculated in the H
@12#, HF @1#, DHF, RRPA, RRPAR, and RRPARA method
to underscore the various many-body effects. A compari
of the HS@12# and HF@1# results shows the effect of usin
the nonlocal-iterative exchange potential in the HF meth
The HF and DHF results are nearly identical, showing t
relativistic effects are minimal. Comparing the DHF calcu
tion with the RRPA indicates that the effect of interchann
coupling between the 2p and 2s channels removes oscillato
strength from the 2s channels. The inclusion of relaxatio
effects in the RRPAR increases the cross section near thr
old. The reduction of the RRPAR partial 2s cross section at
higher energies relative to the RRPA is due primarily to t
inclusion of overlap integrals between orbitals of the grou
state and those of the relaxed ionic core, which reduce
cross section by 18.1%. The RRPARA result is similar in

l
he
all

FIG. 3. Partial 2s photoionization cross sections of magnesiu
The dotted line represents Hartree-Slater calculations@12#; the
dash-double-dotted line represents Hartree-Fock calculations@1#;
the long-dashed line represents Dirac-Hartree-Fock calculations
solid line represents RRPA, the short-dashed line repres
RRPAR; and the dot-dashed line represents RRPARA. The Di
Hartree-Fock eigenvalue~DHF! and the experimental threshold@9#
are indicated by vertical lines.
5-4
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TABLE II. Absolute values of dipole matrix elementsuDsu and uDdu and relative phaseD for 2p photo-
ionization in magnesium at 80 eV photon energy. Also, partial cross section for the 2p subshell, the 3s
subshell, and the sum of 2p discrete and continuous satellites.

HS @29# HF @30# MBPT @1# RRPA RRPAR Expt.@28#

uDsu ~a.u.! 0.214 0.218 0.247 0.2603 0.1978 0.194~17!

uDdu ~a.u.! 0.907 0.846 0.854 0.8603 0.7407 0.726~35!

D ~rad! 4.92 4.82 5.02 5.166 4.823 4.99~16!

s2p ~Mb! 6.25 6.387 4.648 4.4660.4
s3s ~Mb! 0.093 0.0948 0.0887 0.08060.011
s2p sat ~Mb! 1.078 1.4560.16
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distribution of oscillator strength to that of the RRPA, but h
a lower cross section overall due to the same overlap inte
reduction as in the RRPAR.

3. 2p subshell

Photoionization of the penultimate subshell of Mg h
been previously studied in the Dirac-Hartree-Fock@10#,
MBPT @1#, RRPA @12#, and RRPAR @15# methods. The
RRPARA cross section is nearly indistinguishable from
RRPAR since there are nond orbitals in the ionic core to
participate in the overlap integrals withed orbitals of the
continuum. Thus, we do not present a RRPARA calculat
of the 2p cross section. It is of interest, however, to compa
the RRPAR results with the measurements of a so-ca
‘‘perfect’’ or ‘‘complete’’ experiment@28#, which determined
the absolute values of the dipole matrix elementsuDsu and
uDdu for es and ed channels, respectively, and the relati
phaseD at 80 eV. The absolute values of the matrix elemen
phase differences, and main-line and satellite partial cr
sections in the RRPA and RRPAR are presented in Tabl
along with the measured values@28# and results of other
theoretical approaches@1,29,30# at 80 eV. Table II also com-

FIG. 4. Total photoionization cross sections of calcium abo
theK-shell threshold. The dotted line represents Dirac-Hartree-F
calculations of Ref.@10#, the solid line represents RRPA, the dash
line is RRPAR, and the dot-dashed line is RRPARA. The se
empirical data from Ref.@9# are represented as solid triangles. DH
and Expt. are the Dirac-Hartree-Fock eigenvalue and experime
@9# thresholds, respectively.
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pares various partial cross sections at 80 eV. Of course, in
RRPAR, the partial cross sections for satellite channels
energy independent, assuming the ‘‘intensity borrowi
model’’ @31# where the satellite intensity is predicted by th
reduction due to overlap integrals.

B. Calcium

1. 1s subshell

The total photoionization cross sections above theK shell
of atomic Ca are shown in Fig. 4. As for Mg, we present t
Dirac-Hartree-Fock@10#, the RRPA, the RRPAR, and th
RRPARA results along with the semiempirical data@9#.
Many of the features noted in the discussion of the 1s photo-
ionization cross section of Mg are also present in the
cross-section calculations. For Ca, the single-particle Dir
Hartree-Fock cross section@10# is in excellent agreemen
with the overall shape of the semiempirical cross section@9#,
although overall the scale is slightly lower. The inclusion
interchannel coupling in the frozen-core RRPA calculatio
increases the cross section near threshold to levels
above the semiempirical result@9#, but yields excellent
agreement above 165 a.u. The RRPAR calculations, wh
include relaxation by constructing separate solutions for

e
k

i-

tal

FIG. 5. RRPARA photoionization cross sections of calciu
above theK-shell threshold. The solid line represents the to
photoionization cross section. The dot-dashed line represents
partial 1s cross section. The dashed line represents the sum o
other single-excitation-channel cross sections.
5-5
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M. KUTZNER et al. PHYSICAL REVIEW A 66, 042715 ~2002!
ground state and the final@1s# hole state, underestimate th
cross section near threshold. The RRPARA calculatio
which include relaxation effects and terms involving overl
integrals with continuum orbitals as in Eq.~4!, restore the
agreement between theory and semiempirical results@9#.

Figure 5 shows the total photoionization cross sect
along with various single-excitation partial cross sectio
above theK-shell threshold of Ca in the RRPARA. In thi
model, the total cross section is not equal to the sum of
individual single-excitation partial cross sections because
the inclusion of overlap integrals between spectator electr
of the neutral atom and the relaxed ionic core in the par
cross section calculations. The overlap integrals reduce
partial 1s cross section by approximately 31%, which is u
usually large.

FIG. 6. Partial 2s photoionization cross sections of calcium. Th
dotted line represents Dirac-Hartree-Fock calculations, the s
line represents RRPA, the short-dashed line represents RRPAR
the dot-dashed line represents RRPARA. The Dirac-Hartree-F
eigenvalue~DHF! and the experimental threshold@9# are indicated
by vertical lines.

FIG. 7. Total photoionization cross sections of atomic calci
above the 2p-subshell thresholds. The dashed line is the Dir
Hartree-Fock cross section of Ref.@10#. The solid line is the RRPA
cross section and the dot-dashed line is the result of RRPA
Experimental@9# thresholds~Expt.! and Dirac-Hartree-Fock eigen
values~DHF! are indicated by vertical lines.
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2. 2s subshell

The partial photoionization cross sections for 2s electrons
of Ca are shown in Fig. 6 in the Dirac-Hartree-Fock, RRP
RRPAR, and RRPARA calculations. The reduction in cro
section from the Dirac-Hartree-Fock to the RRPA cross s
tion shows that interchannel coupling with the 2p channels
removes oscillator strength from the 2s channels~as previ-
ously noted for Mg!. Relaxation effects reduce the cross se
tion near threshold to the RRPAR curve with the overl
integrals among orbitals of the ground-state atom and
ionic core reducing the partial cross section by appro
mately 25.1%. The inclusion of overlap integrals with t
continuum~RRPARA! partially cancels the effects of the re
laxed potential near threshold.

3. 2p subshell

Total photoionization cross sections above the 2p thresh-
olds of Ca are presented in Fig. 7 in the Dirac-Hartree-Fo

id
nd

ck

-

.

FIG. 8. RRPARA photoionization cross sections of atomic c
cium above the 2p-subshell threshold. The solid line represents t
total photoionization cross section. The dashed line represents
partial 2p3/2 cross section. The dotted line represents the par
2p1/2 cross section. The dash-double-dotted line represents the
of all other single-excitation-channel cross sections.

FIG. 9. 2p3/2:2p1/2 branching ratiog for calcium in the RRPA
~solid line! and RRPARA~dashed line!. The statistical ratio of 2.0 is
shown as a dot-dashed line for comparison.
5-6
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RELAXATION EFFECTS IN INNER-SHELL . . . PHYSICAL REVIEW A 66, 042715 ~2002!
@10#, RRPA, and RRPARA calculations. The effect of inte
channel coupling noted by comparing the Dirac-Hartr
Fock result@10# with that of the RRPA is to reduce the tot
cross section near threshold. Relaxation effects increase
cross section very close to threshold but slightly reduce i
higher energies. Figure 8 shows the total cross section in
RRPARA and the various main-line partial cross sections
this model, satellite cross sections are predicted to be
proximately 25.9% of the total from the evaluation of ove
lap integrals between the ground-state orbitals and orbita
the relaxed ionic core.

Relaxation effects also modify the branching ratiog
5s(2p3/2)/s(2p1/2), as may be seen in Fig. 9. Whereas t
RRPA predicts a branching ratio that begins at thresh
above the statistical ratio of 2, the RRPAR predicts a bran
ing ratio below 2 at threshold. This can be understood

FIG. 10. Photoelectron angular-distribution asymmetry para
eter b for 2p electrons of calcium. The solid, dashed, and d
dashed lines represent the RRPA, RRPAR, and RRPARA calc
tions, respectively.

FIG. 11. Partial photoionization cross section of 3s electrons in
atomic calcium. The Dirac-Hartree-Fock cross section is indica
with a dotted line. The RRPA result is represented by a solid l
the RRPAR with a dashed line, and the RRPARA with a dot-das
line.
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noting that, in the RRPA~RRPAR!, the partial 2p cross sec-
tions are increasing~decreasing! with increasing energy very
near threshold. When the ratio of two cross sections w
positive~negative! slope is taken and the 2p3/2 cross section
has a lower threshold than 2p1/2 due to spin-orbital splitting,
the resulting ratio will be larger~smaller! than the statistical
ratio. At low energy, the angular-distribution asymmetry p
rameter for 2p electrons,b2p , shown in Fig. 10 is increase
by relaxation effects.

4. 3s subshell

The partial photoionization cross sections for 3s electrons
of Ca are shown in Fig. 11 in the Dirac-Hartree-Fock, RRP
RRPAR, and RRPARA calculations. The overall shape of
spectrum differs considerably from that seen in Figs. 1 an
for the 1s cross sections and in Figs. 3 and 6 for the 2s cross
sections. Interchannel coupling between the 3s and 3p chan-
nels leads to a considerable reduction in the 3s cross section
in the RRPA as compared to the Dirac-Hartree-Fock calcu
tion. Relaxation effects in the RRPAR increase the cross s
tion near threshold and reduce it at higher energies. The
duction is primarily due to the inclusion of overlap integra
which scale down the cross section by approximately 17
The inclusion of overlap integrals with the continuum in t
RRPARA brings the result back into agreement with t
RRPA at low energies.

The photoionization cross section for the 3p subshell of
Ca was reported in the RRPA and RRPAR elsewhere@15#.
Results in the RRPARA are indistinguishable from those
the RRPAR and are therefore not reported here.

C. Strontium

1. 1s subshell

With a removal energy of 592 a.u.@9# and an expectation
value for orbital radius of only 0.039 a.u., the 1s electrons in
Sr are tightly bound by the nuclear potential. Yet,K-shell

-
-
a-

d
,
d

FIG. 12. Total photoionization cross sections of Sr above
K-shell threshold. The solid, dashed, and dot-dashed lines repre
the RRPA, RRPAR, and RRPARA, respectively. Squares repre
Dirac-Hartree-Fock calculations, Ref.@10#. Semiempirical results of
Henkeet al. @9# are shown as solid dots.
5-7



c
io
an
c-
ll

an
t

io

nd
ec
ts
th
R
re

s is
e-

ove
e

ow
of
ult
the

S
e-
ia
pr

2
ac
h
.

t-
-

of
al

all

M. KUTZNER et al. PHYSICAL REVIEW A 66, 042715 ~2002!
photoionization studies of nearby Kr@32# have indicated the
need for the inclusion of multielectron effects even for ele
trons so strongly attracted by the nucleus. Photoionizat
with-excitation channels could play an even more import
role for Sr with two relatively weakly bound valence ele
trons than in Kr. This is confirmed by the relatively sma
overlap integrals between orbitals of the ground state
orbitals of the relaxed final-state ionic core which leads
the prediction that approximately 30% of the total absorpt
is due to doubly excited channels.

In Fig. 12, we show the results of RRPA, RRPAR, a
RRPARA calculations for the total photoionization cross s
tion above theK shell of Sr. The RRPA calculation predic
the largest cross section above the DHF threshold,
RRPAR is much lower near threshold, whereas the RRPA
predicts the flattest cross section, in good quantitative ag
ment with the semiempirical results of Henkeet al. @9#. The
Dirac-Hartree-Fock calculations of Chantler@10# are consis-

FIG. 13. Total and partial photoionization cross sections for
above theK-shell threshold in the RRPARA. The solid line repr
sents the total cross section; the dashed line represents the parts
cross section. All other single-photoionization channels are re
sented by the dot-dashed line.

FIG. 14. Partial cross sections for direct photoionization ofs
electrons in atomic Sr. The double-dot-dashed line is the Dir
Hartree-Fock approximation. The solid line is the RRPA result. T
dashed line is RRPAR and the dot-dashed line is the RRPARA
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tent with the RRPARA results.
The partitioning of the total cross section into the 1s par-

tial cross section and other single-electron cross section
shown in Fig. 13 in the RRPARA. The large difference b
tween the total cross section and the partial 1s cross section
is due partly to the cross sections of electrons in shells ab
the K shell, but mostly to the approximately 30% of th
oscillator strength arising from doubly excited channels.

2. 2s subshell

Above the 2s threshold of 81.447 a.u.@9#, the photoab-
sorption cross sections of 2p electrons is still approximately
an order of magnitude larger than that of 2s electrons. To
observe the interplay of various many-body effects, we sh
only the 2s partial cross sections in Fig. 14. A comparison
the Dirac-Hartree-Fock calculation and the RRPA res
shows that the effects of interchannel coupling between

r

l 1
e-

-
e

FIG. 15. Sr total photoionization above the 2p subshell thresh-
olds. RRPA, solid line; RRPAR, dashed line; RRPARA, do
dashed line; Dirac-Hartree-Fock of Ref.@10#, squares; semiempir
ical work of Ref.@9#, solid dots.

FIG. 16. Partial photoionization cross sections in the vicinity
the 2p thresholds of Sr in the RRPARA. The solid line, the tot
cross section; the dotted line, the 2p3/2 partial cross section; the
dashed line, the 2p1/2 partial cross section; the dot-dashed line,
other direct single-electron channels.
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large 2p channels and the relatively small 2s channels only
leads to a small reduction in the 2s partial cross section
Relaxation and the inclusion of overlap integrals among c
electrons leads to the larger reductions seen the in RRP
cross section. Fully including overlap integrals with the co
tinuum ~RRPARA! leads to a relatively flat partial 2s cross
section that is approximately 27% lower than the RRPA
sult at higher energies, leading to the conclusion t
shake-up and shake-off are important here as well.

3. 2p subshell

The threshold energies for photoionization from the 2p3/2
and 2p1/2 subshells of Sr are widely split~2.47 a.u.! due to
the large spin-orbit interaction~Fig. 15!. Core relaxation has
a substantial effect on the 2p cross section for energies be
tween the two thresholds and just above the 2p1/2 threshold.
Whereas the 2p3/2 cross section is concave down in th
RRPA and RRPARA, it is concave up in the RRPAR. T

FIG. 17. Branching ratiog5s3/2/s1/2 for the 2p subshell of Sr
in the RRPA~solid line!, RRPAR~dashed line!, and RRPARA~dot-
dashed line!. The statistical ratio is shown as a dot-dashed line.

FIG. 18. Photoelectron angular-distribution asymmetry para
eter b for 2p electrons of strontium. The solid, dashed, and d
dashed lines represent the RRPA, RRPAR, and RRPARA calc
tions, respectively.
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various subdivisions of the total cross section are shown
Fig. 16 in the RRPAR. The branching ratiosg5s3/2/s1/2 for
the RRPA RRPAR and RRPARA, are shown in Fig. 17. T
models differ radically in behavior near threshold with
maximum ing coinciding with a dip in the 2p1/2 cross sec-
tion. The branching ratios remain far from the statistic
value of 2 up to photon energies far exceeding the thresh
because of the large spin-orbit splitting. The angul
distribution asymmetry parameter for the 2p subshell is
shown in Fig. 18 where the RRPAR result is found to
between the RRPA and RRPAR calculations.

4. 3s subshell

Partial cross sections for the 3s subshell of Sr in various
approximations are shown in Fig. 19. The effects of int
channel coupling are noted by comparing the Dirac-Hartr
Fock calculation with the RRPA results. The effect of inte
actions with the 3p subshell is to reduce the 3s cross section

-
-
a-

FIG. 19. Partial cross sections for 3s photoionization of stron-
tium. The double-dot-dashed line is the Dirac-Hartree-Fock
proximation; the solid line is RRPA; the dashed line is the RRPA
the dot-dashed line is RRPARA.

FIG. 20. Partial photoionization cross section of the 3p subshell
of strontium. The solid line is the RRPA result; the double-d
dashed line is the Dirac-Hartree-Fock; the dashed line is
RRPAR; the dot-dashed line is the RRPARA.
5-9
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overall. Relaxation effects reduce the 3s cross section even
further, but near threshold overlap integrals with the co
tinuum orbitals enhances the cross section.

5. 3p subshell

In the vicinity of the 3p threshold, the total absorption i
still dominated by photoionization of 3d electrons due to the
presence of a ‘‘giant resonance’’@15#; thus, to examine the
effects of relaxation near the threshold, we consider the
tial 3p cross section rather than the total cross section.
partial cross sections are shown in Fig. 20. Relaxation eff
are seen to be more important than interchannel coupling
the 3p subshell; however, many of the differences betwe
the RRPA and RRPAR are due to overlap integrals wh
reduce the cross section by approximately 23%. The bran
ing ratio for this subshell~see Fig. 21! shows interesting
structure and varies substantially depending on the mo
but the angular-distribution asymmetry parameter~Fig. 22! is
relatively unaffected by relaxation effects.

IV. CONCLUSION

Various many-body effects including interchannel co
pling and relaxation have been evaluated for the inner-s
photoionization of magnesium, calcium, and strontium. F
the K shells it is found that, near threshold, including on
interchannel coupling in the RRPA leads to results that
larger than the semiempirical values of Henkeet al. @9#. The
inclusion of interchannel coupling plus core relaxation
fects in the RRPAR leads toK-shell cross sections that ar
below the semiempirical values@9#. It is only when overlap
integrals between continuum orbitalsep8 calculated in the
relaxed ionic potential and thenp orbitals of the ground-state
atom are included as well in the RRPARA that agreem
with the semiempirical values is restored. Interestin
enough, the Dirac-Hartree-Fock approximation calculatio
@10#, considered zeroth order in the correlation perturbati
are in very good agreement with the RRPARA results for
K-shell total photoionization cross sections of all three e

FIG. 21. Branching ratiog5s3/2/s1/2 of 3p subshell of Sr. The
solid line is RRPA result; the dashed line is the RRPARA; t
dot-dashed line is the RRPARA. The statistical ratio is 2.
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ments. Partial cross sections for direct knockout of 1s elec-
trons do differ significantly between Dirac-Hartree-Fock a
RRPARA models. This is because the RRPARA appro
mately accounts for the redistribution of oscillator strength
other single- and multiple-excitation channels. Overlap in
grals between the orbitals of the neutral atom ground-s
wave function and the ionic core final-state orbitals are qu
substantial~reducing the partial cross sections by appro
mately 20%–30%! in each of these cases. This is large
because of the presence of two relatively loosely bound e
trons in the valence shell of the alkaline-earth-metal ato
that undergo substantial rearrangement when an inner-s
electron is removed.

Dirac-Hartree-Fock calculations differ significantly from
the more sophisticated RRPA-type calculations for
2s-subshell channels where interchannel coupling with
2p channels significantly alters the 2s partial cross sections
Experimental measurements of partial cross sections of m
of these subshells would be very valuable in determining
importance of many-body effects.

The dipole matrix elements and partial photoionizati
cross sections for the 2p subshell of Mg are greatly im-
proved in the RRPAR largely due to the reductions result
from the inclusion of overlap integrals. Thenp photoioniza-
tion cross sections are altered in both shape and magni
by relaxation effects. The change in shape is most appa
in the branching ratiog, which is sensitive to the initial slope
of the cross section. For the deepnp subshells of Sr, the
branching ratio varies far from the statistical ratio of 2 a
maintains this variation into high photon energies becaus
the large spin-orbit splitting.
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FIG. 22. Photoelectron angular-distribution asymmetry para
eter b for the 3p subshell of Sr. The solid line is the RRPA; th
dashed line is the RRPAR; the dot-dashed line is the RRPARA
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