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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
Department of Physics, Andrews University, Berrien Springs, Michigan 49104
(Received 28 June 2001; revised manuscript received 25 July 2002; published 23 Octobher 2002

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 photoionizatios ahd 2 subshells.
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[. INTRODUCTION an important single-particle approximation reference. Inner-
shell calculations in the relativistic random-phase approxi-
Valence photoionization of the alkaline-earth-metal atomamation(RRPA) [11] have previously been reported for the
magnesium Z=12), calcium g=20), and strontium £ shell of Mg by Deshmukh and Mansdi2] and Nasreen
=38) has attracted much attention in recent decades. Thet al.[13] and theM shell of Ca by Deshmukh and Johnson
double-electron resonances that dominate the low-energy réi4]. A previous theoretical study15] investigated relax-
gion of the absorption spectrum have provided serious chalation effects in penultimate-shell photoionization of Mg, Ca,
lenges to theorists. These challenges have been largely mghd Sr using the relativistic random-phase approximation
through studies involving many-body perturbation theorymodified to include relaxation effectRRPAR but did not
(MBPT) [1], theR-matrix method combined with multichan- examine photoionization frori shells or thel shell of Ca
nel quantum-defect theor?], configuration interaction for ang did not include the effects of Auger decay. Studies of
the continuum(3], and the hyperspherical-coordinate ap-inner.shell photoionization of neighboring elements 6]
proach[4]. Although photoionization with excitation cer- 4 ar [17] using the relativistic random-phase approxima-
tainly occurs for inner-shell photoionization, as confirmed ing . 1 qdified to include effects of relaxation and Auger de-
the cases of argoips], krypton [6], and xenon[7], t_he ay (RRPARA) showed the necessity of including both ef-
double-electron resonances are not expected to dominate the

) . ..~ fects in calculations ofK-shell electrons. The effect of
inner-shell cross sections as seen for valence photoionization

where thens— nsep cross section passes through a Coope[relaxatlon on the 8 subshell of S_r has been previously stud-
minimum. ied [15], whereas here we examine many-body effect&en

Inner-shell photoionization highlights a different set of @ndL-shell photoionization. _
many-body interactions, which include interchannel cou- Iq addition to the total pho_to_lomzatmn cross sections, the
pling, core relaxation, polarization, and Auger decay. Asiddhartial cross sectlo_ns_for _|nd|V|duaI channels and the photo-
from the purely theoretical interest generated by the compleglectron angular-distribution asymmetry parametgralso
electron correlation of such systems, accurate models of steyield insight into many-body interactions. Relaxation effects
lar interiors and the interstellar medium require reliablehave been found to considerably alter the branching ratios of
photoionization cross-section daf8], especially for such partial cross sections and angular-distribution asymmetry pa-
notable “heavy” elements as magnesium and calcium. rameterd16,18,19. In the case of photoionization of an in-

Recently, Henket al.[9] have published a compilation of nerns? subshell electron in the vicinity of a more dominant
experimental and semiempirical x-ray absorption cross seap® cross section, it may be that the effects of core relax-
tions over a wide range of energies including inner-shellation of thens hole are only apparent upon examination of
photoionization for Mg, Ca, and Sr. It is important to note the weakems®’—nsep partial cross section rather than the
that the experimental daf&] are based on transmission ex- total absorption cross section.
periments on solid samples and may not accurately represent The purpose of this paper is to consider the role of various
atomic photoabsorption cross sections for photon energiasany-body effects in inner-shell photoionization of Mg, Ca,
near thresholds. On the theoretical front, Chaniléd] has  and Sr for energies near the respective thresholds. By com-
reported results of Dirac-Hartree-Fock calculations providingparing a sequence of theoretical calculations including Dirac-

Hartree-Fock 10], RRPA, RRPAR, and RRPARA, and ex-
perimental or semiempirical result8] (where possiblg we
*Present address: Department of Physics, University of Centratan judge the relative importance of interchannel coupling,
Florida, Orlando, FL 32816. core relaxation, and Auger decay. In Sec. Il, we review the
TPresent address: Department of Biochemistry and Biophysicanethods of the RRPAR and RRPARA. The results are re-
University of California San Francisco, San Francisco, CA 941439orted in Sec. Il in a shell-by-shell manner. Section IV is a
0448. discussion of some of the implications of this work.
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II. METHODS TABLE |. Photoionization thresholdén a.u) for the various

. subshells of atomic magnesium, calcium, and strontium. The third
The RRPA developed by Johnson and co-workéi$is a o ymn Jists the absolute values of single-particle eigenvalues from

fully relativistic implementation of the random-phase ap- pirac-Hartree-Fock calculation using the code of R2]. The

proximation with exchangeéRPAE) [20]. In the RRPA, the  fourth the fifth columns list experimental thresholds from RESS.

partial photoionization cross section for a particular subshelhnd[23], respectively. The fifth column lists the absolute value of

is given by the difference between self-consistent-field calculations of total en-
ergy of the neutral atom and the ioAEgcp).

4 2
_amaw 2 2 2
Tne="3 — (IDnjmja “+[Dnjj|*+Dnjj 1), Atom Subshell DHF  Expti9] Expt.[23] AEecr
D Mg 1s,, 4912668  47.885 48174  48.20395
2512 378015 326  3.55 3.596 01

wheren is the principal quantum numbedg is the photon

energy, andk= ¥ (j+1/2) for j=€¢+ %, wherej and ¢ are 2P 2.288 30 1.83 2.126 2.07973
the single-electron total and orbital angular-momentum 2Par2 221673 1.82 2.116 2.06921
quantum numbers, respectively. The dipole matrix element 3sy, 0.25344 0.2810  0.24321
D,j_; is the reduced RRPA dipole matrix element for the©@ 1Sz ~ 150.16428  148.41 148.925 05
photoionization channedj—j’. 2517 16.96745  16.11 16.546 75
The angular-distribution asymmetry parameggy, for the 2Pap 1373164 1285 13.25 13.26312
subshellnk is defined in terms of the differential photoion- 2pap 13.59248 1272 1312 13.21799
ization cross section as 3s12 2.26205 1.63 2.16089
3pyp 1.349 20 0933 1274 1.250 06

don. oplw) 1 3p3p 1.33380 0.933 1.261 1.23553

G0 = 2| 17 5 Bn@)Py(cost) |, ) 4sy;, 0.196 31 0.2246  0.18896

Sr 1s4), 595.63761 591.828 593.596 92

where @ is the angle measured between the directions of the 2512 83.14632  81.447 82.11060
incident photon and the photoelectron. When a subshell is 2Py 75.37592  73.748 74.241 46
split by spin-orbit splitting into two different levelsand«’, 2p3p 72.84238  71.278 7172974
it is conventional to use the weighted average given by 3s12 13.95974 1318 13.606 69
3py, 11.07802  10.30  10.59 10.71973

TrBret Tne B 3P 1067297  9.922 10.23 10.32349

Pom o Sy ) 3da, 562856  4.998  5.292 5.256 10

oo 3ds), 5.558 16 4932  5.229 5.189 45

The RRPAR method approximates the effects of core re- 4sy2 1.948 91 1.43 1.866 21
laxation by calculating the continuum photoelectron orbitals 4Py 1126415  0.794  1.072 1.04858
in the potential of the relaxed ion. The ionic core with the 4p3p 1.07993 0.746  1.037 1.004 39
hole in the level withj = ¢ + 3 has a lower ionization thresh- 5811 0.18126 0.209 0.17456

old energy and also represents the most populated of the two

levels. Thus, we generally consider the hole to be in the o ) )

potential. Overlap integrals of the form e | 4;) between the Dirac-Hartree-FocKDHF) eigenvalues. However, ex-

orbitals of the unrelaxed ground stateand the correspond- perimental thresholds are frequently utilized. In this work we
ing orbitals of the final relaxed stat! are included in the have used DHF eigenvalues as the threshold for RRPA cal-

RRPAR dipole matrix element for each electicaf the ionic culations. The DHF eigenvalues were obtained using the Ox-

core. Inclusion of these overlap integrals is important forford multiconfiguration Dirac-Fock computer code of Grant

calculation of the partial photoionization cross sections sinc&! al.[22] In the RRPAR and RRPARA, we have used the

they approximately remove oscillator strength due to doubIe@(perimem"’II threshold energi¢S] although the absolute

excitation shake-up and shake-off processes from the singlé@lue of the difference in total self-consistent-field calcula-

excitation channel oscillator strengf@1]. In the RRPARA 10N €nergies of the neutral atom and the idhHscr) ac-

we approximately include the effects of Auger decay, by add_cognts f%rgnuch gf _trhilcolrrelatmn for 'rlﬂerbsnin |.on|zat||on
ing to the RRPAR dipole matrix element contributions in- and could be used. fable | summarizes the eigenvaiues,

volving overlap integrals between orbitals of the ground stat&XPerimental threshold energie3,23|, and AEscr energies
. of Mg, Ca, and Sr for comparison.

and the continuum orbitals of the final state. For example, ir? h h di its th ind
the case of th& shell of Ca, the specific terms added to the The RR.PAt eory predicts results that are gauge indepen-
dent provided that one has included all possible dipole-

RRPAR dipole matrix elements are ) . .
P excited channel$11]. The present calculations include all

/ dipole-allowed photoionization channels, namely,
8 32 (Dls—>npj’)<npj|8pj> P P 4
-2 > ; : 4
n=2 j=112 <npj|npj> 11— €P3/2,€P1/2,
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and

2S15— €Dz, €P1/2,
2Py €03, €Sy,

2p3/— €ds)o, €30, €Sy,

3S1/0— €P312, €P1/2,

1Sy, €P3y2, €P1s2,
251/~ €P3j2, €P1p2,
2Py €dzp, €Sy,
2p3— €ds)p, €d3yp, €5y,
381/ €P312, €P1s2,
3pyz— €dsp, €Sy,
33— €dsyp, €d3y2, €512,

4S1/5— €P3p2, €P12,

181/~ €P3y2,€P1s2,
251/ €P3p2, €P1/2,
2Py €dspp, €Sy,
2Pz €dsjp, €032, €512,
3S1/2— €P3j2, €P1p2,
3pya— €y, €Sy,
33— €dsyp, €d3y2, €512,
3d3;y— €f5p2,€P312,€P 12,
3ds— €f 72, €f 512, P32,
4S1/,— €P3j2,€P 12,
4pyj— €z, €Sy,

4pg— €dspp, €d3p, €512

for Mg, Ca, and Sr, respectively.
The inclusion of relaxation effects in the RRPAR andthe sign of the slope of the cross section. However, the ad-
RRPARA photoelectron potentials and use of threshold enemditional inclusion of terms accounting for overlap integrals
gies other than DHF eigenvalues leads to differences in cabetween orbitals of the neutral ground-state atom with the
culations performed in the “length” and “velocity” gauges. continuum orbitals of the relaxed idmsee Eq.(4)] in the
Results of calculations of cross sections presented in thiRRPARA leads to excellent agreement between theory and
paper will normally appear as the geometric mean of lengtlthe semiempirical result. Similar many-body effects were
and velocity results because the geometric mean is less seneted previously folK-shell photoionization of N¢16] and
sitive to ground-state correlatioh24].
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FIG. 1. Total photoionization cross sections of magnesium
above theK-shell threshold. The dotted line represents Dirac-
Hartree-Fock calculations of RdfL0], the solid line represents the
RRPA, the dashed line is the RRPAR, and the dot-dashed line is the
RRPARA. The semiempirical data from R¢8] are represented as
solid triangles. The Dirac-Hartree Fock eigenvall@iF) and the
experimental thresholfP] are indicated by vertical lines.

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

Ill. RESULTS

A. Magnesium
1. 1s subshell

The total photoionization cross sections aboveKhghell
threshold of magnesium are shown in Fig. 1. The semiempir-
ical data are from Henket al. [9] and represent the total
x-ray absorption cross section. The theoretical models shown
in Fig. 1 include the single-particle Dirac-Hartree-Fock cal-
culations of Chantlef10], the RRPA, the RRPAR, and the
RRPARA.

Very close to theK-shell threshold, where many-body ef-
fects are expected to be most notable, the DHF calculations
[10] predict a cross section only slightly below the semi-
empirical values and the RRPA calculations yield a cross
section that is clearly larger than the semiempirical values.
Including relaxation effects in the RRPAR significantly re-
duces the RRPA cross section near threshold, even changing

Ar [17].
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FIG. 2. RRPARA photoionization cross sections of magnesium FIG. 3. Pa_rtial 3 photoionization cross sections of_magnesium.
above theK-shell threshold. The solid line represents the total The dotted line represents Hartree-Slater calculatigi®); the
photoionization cross section. The dot-dashed line represents ttash-double-dotted line represents Hartree-Fock calculafibhs

partial 1s cross section. The dashed line represents the sum of afhe long-dashed line represents Dirac-Hartree-Fock calculations, the
other single-excitation-channel cross sections in the vicinity. solid line represents RRPA, the short-dashed line represents
RRPAR; and the dot-dashed line represents RRPARA. The Dirac-

At energies well above threshold, the frozen-core modeliariree-Fock eigenvalu®HF) and the experimental threshdid]
(i.e., Dirac-Hartree-Fock and RRPA modeshould provide '€ indicated by vertical lines.
reliable cross sections since the photoelectrons have greater ] ]
kinetic energy and leave the vicinity of the core of spectatodistribution asymmetry parameters since they vary little from
electrons before substantial rearrangement can take place. ¢ constant value of 2 predicted by the single-particle
the limit of high frequency, it is expected that all of the Model.
models will converge to the familiar single-particle form
(see, e.g., Ref25)) 2. 2s subshell

In the vicinity of the threshold for photoionization 062
o(w)rw " (5)  electrons, the total absorption is dominated kpy-stibshell
photoionization which is approximately an order of magni-

however, it is possible for interchannel-correlation effects totude larger than the<2partial cross section. Therefore even
persist even asymptotical\26]. major modifications of the & partial cross section due to

Additional information concerning electron correlation many-body effects lead to only subtle changes in the total
can be obtained by partitioning the total photoionizationabsorption cross section. For this reason, we focus onghe 2
cross section into various partial cross sections. When partial cross sections rather than the total absorption. Calcu-
frozen-core potential is used, the sum of partial singledations of the & cross section of Mg have been previously
photoionization-channel cross sections effectively accounteported in single-particle nonrelativistic Hartree-Fgek)
for all double excitation(shake-up and double photoioniza- [1], Hartree-SlatefHS) [12], MBPT [1], and RRPA[12]
tion (shake-off that accompany the ejection of the photo- calculations where it was found that interchannel coupling
electron[21,27]. This explains the good agreement betweenbetween the  and 2 channels was very important. Figure
the RRPA and the total absorption cross secti®h well 3 shows the 2 partial cross sections as calculated in the HS
above threshold. An experimental partitioning of the total[12], HF [1], DHF, RRPA, RRPAR, and RRPARA methods
photoionization cross section, however, would find that theo underscore the various many-body effects. A comparison
main-line 1s partial cross section is lower than that predictedof the HS[12] and HF[1] results shows the effect of using
by the frozen-core model because of the transfer of oscillatothe nonlocal-iterative exchange potential in the HF method.
strength to doubly excited states. Calculations that includdhe HF and DHF results are nearly identical, showing that
core relaxation can approximately account for this flux trans+elativistic effects are minimal. Comparing the DHF calcula-
fer by the inclusion of overlap integral matrix elements be-tion with the RRPA indicates that the effect of interchannel
tween the initial- and final-state one-electron four-spinors incoupling between thef2and % channels removes oscillator
the transition amplitude. The RRPARA total cross sectionstrength from the & channels. The inclusion of relaxation
and various single-excitation partial photoionization crosseffects in the RRPAR increases the cross section near thresh-
sections are shown in Fig. 2. The inclusion of overlap inte-old. The reduction of the RRPAR partiab2ross section at
grals reduces the partialsicross section by approximately higher energies relative to the RRPA is due primarily to the
28%, which provides an energy-independent estimation oinclusion of overlap integrals between orbitals of the ground
the amount of absorption due to doubly excited channels. Fastate and those of the relaxed ionic core, which reduce the
the 1s cross section, we do not present the angularcross section by 18.1%. The RRPARA result is similar in its
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TABLE II. Absolute values of dipole matrix elemen®| and|D4| and relative phasa for 2p photo-
ionization in magnesium at 80 eV photon energy. Also, partial cross section forphsulashell, the 8
subshell, and the sum ofp2discrete and continuous satellites.

HS [29] HF [30] MBPT [1] RRPA RRPAR Expt[28]
IDJ (a.u) 0.214 0.218 0.247 0.2603 0.1978 0.159
D4 (a.u) 0.907 0.846 0.854 0.8603 0.7407 0.735
A (rad 4.92 4.82 5.02 5.166 4.823 4(9)
72p (Mb) 6.25 6.387 4.648 4.460.4
o35 (Mb) 0.093 0.0948 0.0887 0.08(0.011
T2p sat (M) 1.078 1.450.16

distribution of oscillator strength to that of the RRPA, but haspares various partial cross sections at 80 eV. Of course, in the
a lower cross section overall due to the same overlap integr&® RPAR, the partial cross sections for satellite channels are

reduction as in the RRPAR. energy independent, assuming the “intensity borrowing
model” [31] where the satellite intensity is predicted by the
3. 2p subshell reduction due to overlap integrals.
Photoionization of the penultimate subshell of Mg has
been previously studied in the Dirac-Hartree-Fodd], B. Calcium

MBPT [1], RRPA [12], and RRPAR[15] methods. The
RRPARA cross section is nearly indistinguishable from the
RRPAR since there are nad orbitals in the ionic core to The total photoionization cross sections aboveKrghell
participate in the overlap integrals wittd orbitals of the of atomic Ca are shown in Fig. 4. As for Mg, we present the
continuum. Thus, we do not present a RRPARA calculatiorPirac-Hartree-FocK 10], the RRPA, the RRPAR, and the
of the 2p cross section. It is of interest, however, to compareRRPARA results along with the semiempirical d&tl.

the RRPAR results with the measurements of a so-calleylany of the features noted in the discussion of tisgphoto-
“perfect” or “complete” experiment[28], which determined ionization cross section of Mg are also present in the Ca
the absolute values of the dipole matrix elemgilg| and  cross-section calculations. For Ca, the single-particle Dirac-
|Dy| for es and ed channels, respectively, and the relative Hartree-Fock cross sectidri0] is in excellent agreement
phaseA at 80 eV. The absolute values of the matrix elementsWith the overall shape of the semiempirical cross sedi®in
phase differences, and main-line and satellite partial crosglthough overall the scale is slightly lower. The inclusion of
sections in the RRPA and RRPAR are presented in Table linterchannel coupling in the frozen-core RRPA calculations
along with the measured valu¢88] and results of other increases the cross section near threshold to levels well

theoretical approaché4,29,3q at 80 eV. Table Il also com- above the semiempirical resul®], but yields excellent
agreement above 165 a.u. The RRPAR calculations, which

1. 1s subshell

0.09 ' include relaxation by constructing separate solutions for the
0.08 R o'os L] L] T LJ T ¥ L)
— 0.07 - 0.06 L
i)
g
© 006} =
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©
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140 150 160 170
\ ——— —
Photon Energy (a.u.) 0.00 Lt . 2 : —— ey
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FIG. 4. Total photoionization cross sections of calcium above Photon Energy (a.u.)

theK-shell threshold. The dotted line represents Dirac-Hartree-Fock

calculations of Refl10], the solid line represents RRPA, the dashed FIG. 5. RRPARA photoionization cross sections of calcium
line is RRPAR, and the dot-dashed line is RRPARA. The semi-above theK-shell threshold. The solid line represents the total
empirical data from Ref.9] are represented as solid triangles. DHF photoionization cross section. The dot-dashed line represents the
and Expt. are the Dirac-Hartree-Fock eigenvalue and experimentglartial 1s cross section. The dashed line represents the sum of all
[9] thresholds, respectively. other single-excitation-channel cross sections.
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FIG. 6. Partial 2 photoionization cross sections of calcium. The  FIG. 8. RRPARA photoionization cross sections of atomic cal-
dotted line represents Dirac-Hartree-Fock calculations, the solidium above the g-subshell threshold. The solid line represents the
line represents RRPA, the short-dashed line represents RRPAR, agstal photoionization cross section. The dashed line represents the
the dot-dashed line represents RRPARA. The Dirac-Hartree-Fockartial 2p,, cross section. The dotted line represents the partial
eigenvalueDHF) and the experimental threshdlél] are indicated  2p, , cross section. The dash-double-dotted line represents the sum
by vertical lines. of all other single-excitation-channel cross sections.

ground state and the finpls] hole state, underestimate the 2. 2s subshell
cross section near threshold. The RRPARA calculations, The partial photoionization cross sections farélectrons

which include relaxation effects and terms involving overlapss ca are shown in Fig. 6 in the Dirac-Hartree-Fock, RRPA,
integrals with continuum orbitals as in E#), restore the RRPAR, and RRPARA calculations. The reduction in cross
agreement between theory and semiempirical re$8lts section from the Dirac-Hartree-Fock to the RRPA cross sec-

Figure 5 shows the total photoionization cross sectionion shows that interchannel coupling with the 2hannels
along with various single-excitation partial cross sectionsemoves oscillator strength from thes 2hannels(as previ-
above theK-shell threshold of Ca in the RRPARA. In this ously noted for Mg. Relaxation effects reduce the cross sec-
model, the total cross section is not equal to the sum of théion near threshold to the RRPAR curve with the overlap
individual single-excitation partial cross sections because ofhtegrals among orbitals of the ground-state atom and the
the inclusion of overlap integrals between spectator electron®nic core reducing the partial cross section by approxi-
of the neutral atom and the relaxed ionic core in the partiamately 25.1%. The inclusion of overlap integrals with the
cross section calculations. The overlap integrals reduce theontinuum(RRPARA) partially cancels the effects of the re-
partial 1s cross section by approximately 31%, which is un-laxed potential near threshold.

usually large. 3. 2p subshell

30| - 4 Total photoionization cross sections above tipetBresh-
\ olds of Ca are presented in Fig. 7 in the Dirac-Hartree-Fock

SN I

TS

G (Mb)

Expt. DHF
15
1.0 'l A 'l 'l (] '] L
12 13 14 15 16 17 18 19 20
Photon Energy (a.u.)
. . . . . . A ' L I ' 1
FIG. 7. Total photoionization cross sections of atomic calcium 53 14 15 16

above the P-subshell thresholds. The dashed line is the Dirac-
Hartree-Fock cross section of Rg10]. The solid line is the RRPA
cross section and the dot-dashed line is the result of RRPARA. FIG. 9. 2p5,:2p4,, branching ratioy for calcium in the RRPA
Experimental 9] thresholds(Expt.) and Dirac-Hartree-Fock eigen- (solid line) and RRPARA(dashed ling The statistical ratio of 2.0 is
values(DHF) are indicated by vertical lines. shown as a dot-dashed line for comparison.

Photon Energy (a.u.)
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FIG. 10. Photoelectron angular-distribution asymmetry paramK-shell threshold. The solid, dashed, and dot-dashed lines represent
eter B for 2p electrons of calcium. The solid, dashed, and dot-the RRPA, RRPAR, and RRPARA, respectively. Squares represent
dashed lines represent the RRPA, RRPAR, and RRPARA calculdlirac-Hartree-Fock calculations, R¢10]. Semiempirical results of
tions, respectively. Henkeet al.[9] are shown as solid dots.

[10], RRPA, and RRPARA calculations. The effect of inter- N0ting that, in the RRPARRPAR), the partial 3 cross sec-
channel coupling noted by comparing the Dirac-Hartreeions are increasingdecreasingwith increasing energy very
Fock resulf10] with that of the RRPA is to reduce the total nea_r_threshold_. When t_he ratio of two cross sectlon_s with
cross section near threshold. Relaxation effects increase tiRoSitive (negative slope is taken and thepd, cross section
cross section very close to threshold but slightly reduce it afiaS & lower threshold tharpg;, due to spin-orbital splitting,
higher energies. Figure 8 shows the total cross section in tH&€ resulting ratio will be largegsmalle) than the statistical
RRPARA and the various main-line partial cross sections. Ifatio- At low energy, the angular-distribution asymmetry pa-
this model, satellite cross sections are predicted to be agameter for 2 electrons 8,,, shown in Fig. 10 is increased
proximately 25.9% of the total from the evaluation of over- PY relaxation effects.
lap integrals between the ground-state orbitals and orbitals of
the relaxed ionic core. 4. 3s subshell

Relaxation effects also modify the branching ratjo The partial photoionization cross sections faréectrons
= 0(2p3p)/0(2py7), @s may be seen in Fig. 9. Whereas theof Ca are shown in Fig. 11 in the Dirac-Hartree-Fock, RRPA,
RRPA predicts a branching ratio that begins at thresholRrpaAR, and RRPARA calculations. The overall shape of the
above the statistical ratio of 2, the RRPAR predicts a branchspectrum differs considerably from that seen in Figs. 1 and 4
ing ratio below 2 at threshold. This can be understood by the 1s cross sections and in Figs. 3 and 6 for treecoss

sections. Interchannel coupling between tiseaBd 3 chan-

— v T T v v v nels leads to a considerable reduction in tlsecBss section
0.35 A i 1 in the RRPA as compared to the Dirac-Hartree-Fock calcula-
030l tion. Relaxation effects in the RRPAR increase the cross sec-
) tion near threshold and reduce it at higher energies. The re-
025 L duction is primarily due to the inclusion of overlap integrals
—_ which scale down the cross section by approximately 17%.
g 00} The inclusion of overlap integrals with the continuum in the
° o1sl RRPARA brings the result back into agreement with the
RRPA at low energies.
o0l The photoionization cross section for the 3ubshell of
Ca was reported in the RRPA and RRPAR elsewhéfs.
0.05 ¢ Results in the RRPARA are indistinguishable from those in
0.00 the RRPAR and are therefore not reported here.

1 2 3 4 5 6 7 8 9 10

Photon energy (a.u.) C. Strontium

FIG. 11. Partial photoionization cross section aféectrons in
atomic calcium. The Dirac-Hartree-Fock cross section is indicated
with a dotted line. The RRPA result is represented by a solid line, With a removal energy of 592 a.[9] and an expectation
the RRPAR with a dashed line, and the RRPARA with a dot-dashe&alue for orbital radius of only 0.039 a.u., the &lectrons in
line. Sr are tightly bound by the nuclear potential. Y&tshell

1. 1s subshell
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80

Photon Energy (a.u.)

FIG. 13. Total and partial photoionization cross sections for St |5 15 gy total photoionization above the 2ubshell thresh-
above theK-shell threshold in the RRPARA. The solid line repre- ,14s RRPA. solid line: RRPAR. dashed line: RRPARA. dot-

sents the total cross section; the dashed line represents the psartial dashed line: Dirac-Hartree-Fock of RéL0], squares; semiempir-
cross section. All other single-photoionization channels are repreg.,| work of'Ref.[g] solid dots. ' '
sented by the dot-dashed line. '

o . . tent with the RRPARA results.
ph0t0|on|zat|(_)n stu_dles of negrby K82] have indicated the The partitioning of the total cross section into the fiar-
need for the inclusion of multielectron effects even for elec+ja| cross section and other single-electron cross sections is
trons so strongly attracted by the nucleus. Photoionizationspown in Fig. 13 in the RRPARA. The large difference be-
with-excitation channels could play an even more importantyeen the total cross section and the partisictoss section
role for Sr with two relatively weakly bound valence elec- s que partly to the cross sections of electrons in shells above
trons than in Kr. This is confirmed by the relatively small (he k shell. but mostly to the approximately 30% of the

overlap integrals between orbitals of the ground state andgcijator strength arising from doubly excited channels.
orbitals of the relaxed final-state ionic core which leads to

the prediction that approximately 30% of the total absorption

is due to doubly excited channels.
'l LR X Above the & threshold of 81.447 a.u9], the photoab-

In Fig. 12, we show the results of RRPA, RRPAR, and _ . N .
RRPARA calculations for the total photoionization cross secSCrPtion cross sections op2electrons is still approximately

tion above the shell of Sr. The RRPA calculation predicts @0 order of magnitude larger than that of 2lectrons. To
the largest cross section above the DHF threshold, th@0Serve the interplay of various many-body effects, we show
RRPAR is much lower near threshold, whereas the RRPARANIY the 25 partial cross sections in Fig. 14. A comparison of
predicts the flattest cross section, in good quantitative agredl€ Dirac-Hartree-Fock calculation and the RRPA result
ment with the semiempirical results of Heneal. [9]. The shows that the effects of interchannel coupling between the

Dirac-Hartree-Fock calculations of Chant[dQ] are consis-

2. 2s subshell

0.6

[ ngpt.
0.10 T e

0.5

04[

o (Mb)

03[ ]

o (Mb)

02[

01 fF =~

ool o o o . .
70 80 90

Photon Energy (a.u.)

Photon Energy (a.u.)

FIG. 16. Partial photoionization cross sections in the vicinity of
FIG. 14. Partial cross sections for direct photoionization sf 2 the 2p thresholds of Sr in the RRPARA. The solid line, the total
electrons in atomic Sr. The double-dot-dashed line is the Diraceross section; the dotted line, thgs, partial cross section; the
Hartree-Fock approximation. The solid line is the RRPA result. Thedashed line, the (2, partial cross section; the dot-dashed line, all
dashed line is RRPAR and the dot-dashed line is the RRPARA. other direct single-electron channels.
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FIG. 19. Partial cross sections fos hotoionization of stron-
tium. The double-dot-dashed line is the Dirac-Hartree-Fock ap-
proximation; the solid line is RRPA; the dashed line is the RRPAR;
the dot-dashed line is RRPARA.

FIG. 17. Branching ratioy= o3,/ o4, for the 2p subshell of Sr
in the RRPA(solid line), RRPAR(dashed ling and RRPARA(dot-
dashed ling The statistical ratio is shown as a dot-dashed line.

large 2p channels and the relatively smals Zhannels only 5iq,5 subdivisions of the total cross section are shown in
leads to a small reduction in thesZoartial cross section. Fig. 16 in the RRPAR. The branching ratigs: o4,/ o1, for
Relaxation and the inclusion of overlap integrals among core,, . RRPA RRPAR and RRPARA. are shown in Fig. 17. The
electrons I.eads to the larger reductlops Seen th'e N RRPAR,dels differ radically in behavior near threshold with a
cross section. Fully including over_lap integrals Wlth the CON- 1 aximum in coinciding with a dip in the By, cross sec-
tlnugm(F\;RPARA) IeaQs to ? rele(l]nvlely ﬂathpamﬁchross tion. The branching ratios remain far from the statistical
section that is approximately 27/0 ower than the R,RPA ®Value of 2 up to photon energies far exceeding the threshold
sult at higher energies, leading to the conclusion thaf.5,se of the large spin-orbit splitting. The angular-

shake-up and shake-off are important here as well. distribution asymmetry parameter for thep Zubshell is
shown in Fig. 18 where the RRPAR result is found to lie
3.2p subshell between the RRPA and RRPAR calculations.

The threshold energies for photoionization from thm,2
and 24/, subshells of Sr are widely spli2.47 a.u) due to
the large spin-orbit interactioffFig. 15. Core relaxation has Partial cross sections for thes3ubshell of Sr in various
a substantial effect on thep2cross section for energies be- approximations are shown in Fig. 19. The effects of inter-
tween the two thresholds and just above tipg,2threshold.  channel coupling are noted by comparing the Dirac-Hartree-
Whereas the RBg, cross section is concave down in the Fock calculation with the RRPA results. The effect of inter-
RRPA and RRPARA, it is concave up in the RRPAR. Theactions with the  subshell is to reduce thesZross section

4, 3s subshell
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FIG. 18. Photoelectron angular-distribution asymmetry param- FIG. 20. Partial photoionization cross section of tieestibshell
eter B for 2p electrons of strontium. The solid, dashed, and dot-of strontium. The solid line is the RRPA result; the double-dot-
dashed lines represent the RRPA, RRPAR, and RRPARA calculadashed line is the Dirac-Hartree-Fock; the dashed line is the
tions, respectively. RRPAR; the dot-dashed line is the RRPARA.
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FIG. 21. Branching ratioy= 03,/ 04/, 0f 3p subshell of Sr. The FIG. 22. Photoelectron angular-distribution asymmetry param-
solid line is RRPA result; the dashed line is the RRPARA; theeter 8 for the 3p subshell of Sr. The solid line is the RRPA; the
dot-dashed line is the RRPARA. The statistical ratio is 2. dashed line is the RRPAR; the dot-dashed line is the RRPARA.

overall. Relaxation effects reduce the 8ross section even ments. Partial cross sections for direct knockout sfelec-
further, but near threshold overlap integrals with the convyons do differ significantly between Dirac-Hartree-Fock and
tinuum orbitals enhances the cross section. RRPARA models. This is because the RRPARA approxi-
5.3p subshell mately accounts for the redistribution of oscillator strength to
' other single- and multiple-excitation channels. Overlap inte-
In the vicinity of the P threshold, the total absorption is grals between the orbitals of the neutral atom ground-state
still dominated by photoionization ofdBelectrons due to the wave function and the ionic core final-state orbitals are quite
presence of a “giant resonancgl5]; thus, to examine the substantial(reducing the partial cross sections by approxi-
effects of relaxation near the threshold, we consider the paimately 20%—-30%in each of these cases. This is largely
tial 3p cross section rather than the total cross section. Thgecause of the presence of two relatively loosely bound elec-
partial cross sections are shown in Fig. 20. Relaxation effectgons in the valence shell of the alkaline-earth-metal atoms
are seen to be more important than interchannel coupling fathat undergo substantial rearrangement when an inner-shell
the 3p subshell; however, many of the differences betweerelectron is removed.
the RRPA and RRPAR are due to overlap integrals which Dirac-Hartree-Fock calculations differ significantly from
reduce the cross section by approximately 23%. The branchhe more sophisticated RRPA-type calculations for the
ing ratio for this subshellsee Fig. 21 shows interesting 2s-subshell channels where interchannel coupling with the
structure and varies substantially depending on the modegp channels significantly alters thes partial cross sections.
but the angular-distribution asymmetry paramekeg. 22 is  Experimental measurements of partial cross sections of many

relatively unaffected by relaxation effects. of these subshells would be very valuable in determining the
importance of many-body effects.
IV. CONCLUSION The dipole matrix elements and partial photoionization

_ ) o cross sections for the @ subshell of Mg are greatly im-

Various many-body effects including interchannel cou-proved in the RRPAR largely due to the reductions resulting
pllng and relaxation have been evaluated for the inner-she om the inclusion of Over|ap integra|s_ Th'r@ photoioniza-
photoionization of magnesium, calcium, and strontium. FoRjon cross sections are altered in both shape and magnitude
the K shells it is found that, near thr65h0|d, inClUding Only by relaxation effects. The Change in Shape is most apparent
interchannel coupling in the RRPA leads to results that argn the branching ratigy, which is sensitive to the initial slope
larger than the semiempirical values of Hersteal.[9]. The  of the cross section. For the deep subshells of Sr, the
inclusion of interchannel coupling plus core relaxation ef-pranching ratio varies far from the statistical ratio of 2 and
fects in the RRPAR leads ti-shell cross sections that are maintains this variation into high photon energies because of
below the semiempirical valug8]. It is only when overlap  the large spin-orbit splitting.
integrals between continuum orbitaég’ calculated in the
relaxed ionic potential and thp orbitals of the ground-state
atom are included as well in the RRPARA that agreement ACKNOWLEDGMENTS
with the semiempirical values is restored. Interestingly
enough, the Dirac-Hartree-Fock approximation calculations We wish to thank Walter Johnson for the use of the RRPA
[10], considered zeroth order in the correlation perturbationcomputer code. This work was supported by Grant No. PHY-
are in very good agreement with the RRPARA results for theD099526 of the National Science Foundation and by the Of-
K-shell total photoionization cross sections of all three elefice of Scholarly Research of Andrews University.
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