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Photoionization of radium: Investigating many-body effects at highZ
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The total and partial photoionization cross sections, branching ratios, and photoelectron angular-distribution
asymmetry parameters have been calculated for atomic radiun88) for all subshells from thes/valence
shell down to the deep=3 subshells. 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 were all used to determine the relative importance of
various many-body effects such as interchannel coupling, core relaxation, and Auger decay. Comparisons are
made between the various theoretical models and experimental data for the total cross sections. Interchannel
coupling was found to be important for most subshells. Relaxation effects were found to be significant for
calculations of the total cross section above thettireshold and to have a very large effect on tipertial
photoionization cross section.

PACS numbe(s): 32.80.Hd, 32.80.Fb

I. INTRODUCTION section of 4 electrons from Hg was also found to depend
critically on the inclusion of relaxation effecf8)].

The vacuum ultravioletvVUV) and x-ray absorption spec-  The purpose of this paper is to study the role of many-
tra of radium Z=88) are important for two reasonsi body effects, in particular interchannel coupling and core
photoionization is an excellent probe of various many-bodyrelaxation, on the photoionization parameters in the vicinities
effects that have not been thoroughly studied in Higile-  of various thresholds. The calculations extend from photon
ments andii) the practical necessity of dealing with radio- energies just above the valence photoionization threshold to
active waste of uranium processing that contains some ranergies capable of ejecting electrons from the very aeep
dium. Electrons in the deep inner shells of radium have very=3 shell. The calculations were carried out within the
large effectiveZ and are thus highly relativistic. It is inter- framework of the RRPA, the relativistic random-phase ap-
esting to determine at what depth of inner shell the electroproximation modified to include relaxatioflRRPAR), and
correlation effects become negligible. the relativistic random-phase approximation modified to in-

Experimental x-ray absorption spectra at particular charclude relaxation and Auger decdRRPARA). Where pos-
acteristic wavelengths have been tabulated for all elemengjble, we compare the results of theory with experiméhis
from hydrogen through uraniunZ& 92) by Henke, Gullik-  to evaluate the merits of the various approximation tech-
son, and Davi$1]. Theoretical work on radium photoioniza- nhiques. In Sec. Il, we review the methods of the RRPAR and
tion has included studies using relativistic Dirac-Slater cal-RRPARA. The results are reported in Sec. lll in a shell-by-
culations of the  subshel[2] and & subshel[3]; also the  shell manner. Section IV is a discussion of some of the im-
closed-shell electron structure of the ground state of radiurplications of this work.
makes photoionization studies within the relativistic random-
phase approximatioNRRPA) possible. Deshmukh, Ra- Il. METHODS
dojevic and Mansor{4,5] calculated photoionization cross o )
sections, angular-distribution asymmetry parameters, and Theé RRPA was first introduced in the work of Johnson
branching ratios for outer subshells of both radium and radogNd co-worker$10]. It is a fully relativistic implementation
using the RRPA. Their radium calculations included inter-Of the random-phase approximation with exchaigeAE)
channel coupling of the 20 relativistic dipole channels fromdeveloped by Amusigl1]. In the RRPA, the partial photo-
the 7s subshell down to the [ subshell. They found many ionization cross section for a particular subshell is given by
interesting correlation effects in the photoionization param-

. . . . . Arlaw
eters due to interchannel coupling including correlation- — _ _ 1Dy al24]DniiADni 4], (D)
induced Cooper minima in cross sections and dips in the e 3 ==l n=Ib =g
angular-distribution asymmetry parameters. Recently,
Chantler[6] published a compilation of Dirac-Hartree-Fock wheren is the principal quantum numbeg is the photon
calculations of photoionization of elements from hydrogen toenergy, ande=+(j+3) for j=1=3, wherej andl| are the
uranium that complement the experimental work of Henkegsingle-electron total and orbital angular-momentum quantum
Gullikson, and Davig1]. numbers, respectively. The dipole matrix elemBnpt_; is

The importance of including the effects of core relaxationthe reduced RRPA dipole matrix element for the photoion-
in calculations of inner-shell photoionization in many atomicization channehj—j’.
systems has long been established. Relaxation effects were The angular-distribution asymmetry parameggy, for the
found to be crucial in calculations of thel4nd 3 subshells  subshellink is defined in terms of the differential photoion-
of Xe [7] and Ba[8]. The calculated photoionization cross ization cross section as
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don,  on®) TABLE I. Photoionization thresholdén a.u) for the various
0 - a {1-3Bn(w)P,[cog )]} 2 subshells of atomic radium. The second column lists the absolute
m values of single-particle eigenvalues from a Dirac-Hartree-Fock

] ) ) (DHF) calculation using the code of R€f13]. The third column
where ¢ is the angle measured between the directions of th@sts the absolute value of the difference between self-consistent

incident photon and the photoelectron. When a subshell igeld calculations of total energy of the neutral atom and the ion

split by spin-orbit splitting into two different leveleand«’, (AEgscp. The fourth column lists the experimental threshold ener-
it is conventional to use the weighted average given by  gies[14].

E_ OnBret T’ Brx! @ Subshelld DHF AEgcr Expt.
Onit Onyer 7S12 0.166 359 0.160 156
6p32 0.740 218 0.691 406 0.6910.07
The RRPAR method approximates the effects of core regp,, 0.973599 0.912 109 0.6910.07
laxation by calculating the continuum photoelectron orbitalsgs, , 1.626 282 1.562 500 1.600.08
in the potential of the relaxed ion. The ionic core with thesy 2.901972 2.740234 2.470.06
hole in the level withj =1+ 3 has a lower ionization thresh- 50, 3116783 2.947 266 2 470.06
old energy and also represents the most populated of the thﬂ)a/2 6.372 173 6.179 687 5.649.07
levels. Thus, we generally consider the hole to be in thespl/2 7.843695 7.626 953 7.365.07

subshell with largesitfor the purpose of obtaining thé" ~*

_ : 551/ 10.01171 9.785 156 9.3490.08
potential. Overlap integrals of the form Bdt/ |®;) between 4o 11.044 70 10.521 48 10.980.09
orbitals of the unrelaxed ground stabe and the correspond- 4f 11.354 01 10.818 36 10.850.09
ing orbitals of the final relaxed state; are included in the 4dg, 23 158 27 29 630 86 21 #50.06
RR_PAR di|cioleI matrix]c erl]ement fo: ea_ch elelctr_brpf the 4dy, 24 416 29 23 87500 23.370.06
ionic core. Inclusion of these overlap integrals is important
for calculation of the partial photoioﬁizatic?n cross sgctionséllog”2 33.39558 32.801 32 32.30.07
since they approximately remove oscillator strength due té‘pl’z 40.11770 39.52539 38.8660.07
45,/ 45.726 82 45.13281 44.408.06

double-excitation shake-up and shake-off processes from th3e3
single-excitation channel oscillator strengfh2]. In the 52
RRPARA we approximately include the effects of Auger3d3f2 121.308 30 119.94727 119.38.06
decay by adding to the RRPAR dipole matrix element con-3Par 14117753 139.94922 139.34.06
tributions involving overlap integrals between orbitals of the 3Pz 167.24409 165.908 20 164.28.07
ground state and the continuum orbitals of the final state. 3Su2 179.85553  178.57422  177.20@.05
Photoionization thresholds in the strict RRPA model are
the Dirac-Hartree-FocKDHF) eigenvalues. However, ex-
perimental thresholds are frequently utilized. In this work wechannel quantum-defect theotyQDT) could be used to
have used DHF eigenvalues as the threshold for RRPA caftudy these complex regions in the absorption spectrum.
culations. The DHF eigenvalues were obtained using the Ox-
ford multiconfiguration Dirac-Fock computer code of Grant Il. RESULTS
et al.[13]. In the RRPAR and RRPARA, we have used the
difference in total self-consistent field energies of the neutral A. The 7s subshell
atom and ion AEgcp for the threshold energies although  The valence shell of radium was previously studied by
experimental threshold energig$4] could also have been Deshmukh, Radojeviand Mansorj4,5] in the RRPA. The
used. Table | summarizes the DHF eigenvalues Afd.-  photoionization cross section above the valence threshold in
energies used for all channels incorporated in the presetihe RRPA and RRPAR approximations are shown in Fig. 1.
study along with the experimental threshold energies. In this investigation, the 20 coupled relativistic dipole chan-
The RRPA theory predicts results that are gauge indepemels, which include all channels originating from subshells
dent provided that one has included all possible dipole¥s, 6p, 6s, 5d, and 5, were employed for the calculation
excited channelglQ]. In practice, where one limits the num- of the 7s cross section. The RRPARA is not shown in Fig. 1
ber of channels(the truncated RRPA there will be since Auger effects are noted only for inner-shell photoion-
differences between the “length” and “velocity” gauge re- ization. The focus of this study is on the near-threshold re-
sults. Also, the inclusion of relaxation effects in the RRPARgion. A common effect of relaxation may be seen by a com-
and RRPARA potentials and use of threshold energies othgyarison of the RRPA and the RRPAR results of Fig. 1. The
than DHF eigenvalues leads to differences in calculationgsearrangement allowed for in the RRPAR vyields a less
performed in the two gauges. Results of calculations of crossharply defined potential for the calculation of the outgoing
sections presented in this paper will normally appear as thphotoelectron wave function than would be used in a frozen-
geometric mean of length and velocity results. core calculation. This effectively moves oscillator strength
Regions where autoionizing resonances dominate th&om the discrete transitions below the threshold into the
cross section have not been dealt with here. A combinatiogontinuum. The location of the Cooper minimum has also
of RRPA dipole matrix elements and the relativistic multi- been moved to higher energy by the inclusion of rearrange-

115.95231 114.63281 114.1@.06
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FIG. 1. Photoionization of thes7valence shell of radium. Solid 0.20 0.25 0.30 0.35 0.40
curve is the RRPA and dashed curve is the RRPAR. Dirac-Hartree- E (a.u.)

Fock (DHF) eigenvalue was used for the RRPA threshold and the o
difference in total self-consistent field energies of the neutral atom FIG. 2. Photoelectron angular-distribution asymmetry parameter

and ion AEscp was used for RRPAR calculations. Solid circle 8 for 7s electrons of atomic radium in the RRPA and RRPAR.
represents experimental data from Réf. Solid line is RRPA, dotted line is RRPAR length, and dashed-

double-dot line is RRPAR velocity.

ment effects. The only experimental data pdihbf lies well
above threshold where the unrelaxed calculation is expectedith both the RRPA and RRPARA. The large value of the
to be best. measured cross section just below 3 a.u. is most probably

The accuracy of the RRPAR for thes%alence shell is due to autoionizing resonances below thes5 and s,
guestionable. The RRPAR assumes the rearrangement htétsesholds. The importance of including interchannel cou-
been accomplished only in the final state of the particulapling is demonstrated by comparison with the Dirac-Hartree-
subshell under consideration. For valence subshells, the di&ock calculation[6], which differs significantly from the
grams in many-body perturbation theory representindRRPA near threshold.
ground-state correlations make a significant contribution to
the correlated dipole matrix element; the lack of inclusion of 35
rearrangement effects in the ground-state correlaiimme-
reversedl diagrams can unbalance the sometimes delicate 30 -
balance between final- and ground-state correldtldh The
importance of ground-state correlations in valence shell
photoionization is also reflected in the fact that thEgcr
energy does not generally accurately predict the experimen-
tal ionization energy for valence shells. 20 ~

The angular-distribution asymmetry paramegefor the
7s valence shell is shown in Fig. 2 in both the RRPA and 15
RRPAR. In the absence of relativistic interactions, the pa-
rameterB for an s subshell of a closed-shell atom has the 10
value 2, independent of ener¥5]. However, the interac-
tion between the two channels# epy,, and B— ep3 in
the vicinity of the Cooper minima causgsto fall close to
the minimum value of-1. Relaxation effects push the Coop-
er minimum to higher energies and thus the dipsBimre
pushed out toward higher energies as well. E (a.u.)

25

o (Mb)

5

B. The 6p subshell FIG. 3. Photoionization cross sections above thaltreshold of

o . radium. The solid line is the total RRPA cross section, whereas the
The total photoionization cross section above the 6 gotted line is the total RRPARA cross section. RRPAR is not

threshold is shown in Fig. 3 for the RRPA and RRPARA. shown but is nearly indistinguishable from the RRPARA. The
The RRPA (RRPARA thresholds are denoted DHF gashed line is the Dirac-Hartree-Fock calculation of R&f. Open
(AEscp. The experimental data from Réfl] is also shown  diamonds and solid triangles are the partial photoionization cross
for comparison. Clearly, relaxation effects play only a verysection for direct photoionization ofggand 7% electrons, respec-
minor role for this subshell. The two experimental datatively, in the RRPARA. Solid circles are experimental measure-
points shown with lowest energy are in excellent agreemenments of total absorption from RefL].
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FIG. 4. Photoelectron angular-distribution asymmetry parameter FIG. 6. Photoionization cross sections above thetfeshold of
B for 6p electrons of radium. The solid and dotted lines apg,£in radium. Total cross sections are shown in the RRBalid line),
the RRPA and RRPARA, respectively. The dot-dashed and dasheddRPARA (dashed ling and Dirac-Hartree-Fockdot-dash ling
lines are 4, in the RRPA and RRPARA, respectively. from Ref.[6]. The experimental total cross section from Héf.is
shown as solid circles. The partial cross section for direlcpBoto-
Partial photoionization cross sections are also shown foionization in the RRPARA is shown as triangles and the partial
the main-line removal of p electrons in the RRPARA. In cross section for all other single-excitation channels is shown as
the RRPA, the only difference between the total and partiafquares.
6p cross section is due to the contributions of the relatively
weak 7 and 6 cross sections. However, in the RRPARA, parameter varies significantly from the statistical value based
the partial cross section is also reduced by the overlap intg;n the ratio of occupation numbers of 2 in this region as
gral that reduces the cross section by 12.9%. reported earlier by Deshmukh, Radojevimd Mansor{5].
Angular-distribution asymmetry parameters for ths€  The pranching ratio falls below the value of 2 because both

and 64, subshells are shown in Fig. 4 in the RRPA a”dthe &p ; ;
. I . . a2 and @4, partial cross sections become smaller
RRPARA. There is quantitatively little difference between with increasing energy and thep§, begins its decline at a

the RRPA and RRPARA calculations near threshold. lower threshold energy than does the,. Here again, the
Another photoionization parameter of interest is the . 9y BB gain,
relaxation effects are subtle.

branching ratioy= o (6p5,)/a(6p12). Shown in Fig. 5, this

C. The 5d subshell

6p It is in the 5d subshell that effects of relaxation assume
2o TSt L some importance. The totabt5photoionization cross section
is shown in Fig. 6 in the RRPA and RRPARA along with
experimental measuremerjtl]. The effects of interchannel
bs coupling may be noted by comparing the Dirac-Hartree-Fock
1.5 calculation[6] with the RRPA. The RRPA and RRPARA
calculations in this energy range included 20 relativistic di-
pole channels from the s7subshell into the p subshell.
—_— Near threshold, the RRPA cross section assumes a very large
1.0 - T \ value dropping monotonically until thepbthreshold. The
= RRPARA (which differs negligibly from RRPAR for this
subshell is small near threshold rising to a peak and then
falling off at a slower rate than RRPA until thgop3hreshold.
05 : : In the RRPARA, oscillator strength has been shifted from
1.0 15 2.0 the near-threshold region to higher energies, giving the cross
E (a.u) section something of the appearance of a shape resonance as
seen in the d cross sections of Xe, Ba, and lanthanides
FIG. 5. 6p3),:6py, branching ratioy for radium in the RRPA  [7,8]. The Dirac-Hartree-Fock calculatid®] is well below
(solid line and RRPARA(dashed ling The statistical ratio of 2.0 all of the calculations that include interchannel coupling and
is also shown as a dotted line for comparison. experimen{1].
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FIG. 7. Photoelectron angular-distribution asymmetry parameter E (a.u.)
B for 5d electrons of radium. Theds,, is shown as solid line and
dashed line for the RRPA and RRPARA, respectively. THgSs FIG. 8. 5dg,:5d5, branching ratiosy for radium. RRPA is the
shown as dotted and dot-dashed line for the RRPA and RRPARAsolid line and the RRPARA is the dashed line. The statistical ratio
respectively. of 3/2 is also shown for comparison purposes.

Also shown in Fig. 6 is the & partial cross section and Branching ratiosy=o(5ds))/o(5d3,,) for the RRPA
the sum of all other single-excitation channels in this energyand RRPARA are shown in Fig. 8 along with the statistical
region in the RRPARA. Since the experimental data repreratio of 3/2. It is interesting to note that near threshold the
sents the total photoionization cross section, it must not b®&RPA predicts a branching ratio above the statistical ratio
compared with the partial cross sections. Photoelectron speand the RRPARA predicts a branching ratio below the sta-
troscopy could be used to determine the fraction of the totatistical ratio. The RRPA and RRPARA eventually agree with
absorption due to direct photoionization ofl 2lectrons. It  one another at approximately 1 a.u. above the threshold.
should also be noted that in the RRPARA, the sum of all of
the single-excitation channel cross sections is less than the
total cross section since the inclusion of overlap integrals
reduces the partial cross sections substantially. The reduction The 5 subshell is interesting because of large interchan-
represents oscillator strength due to multiple-excitation chanrel coupling effects as well as very large relaxation effects.
nels. Figure 9 shows the total photoionization cross sections as

The angular-distribution asymmetry paramefeis less  well as the partial p cross sections in the RRPA, RRPARA
sensitive than the cross section to relaxation effects since ih the vicinity of the J thresholds. The experimental data
depends on ratios of matrix elements according to the formufrl] is the total photoionization cross section. The spin-orbit
lation [10,16| splitting is very large for this subshell. Again, for this sub-
shell, the Dirac-Hartree-Fock calculation is well below the

D. The 5p subshell

[1(2j-3) 5 , 3 2j-1 )\
Br(w)= ETl i1l ~ 322172
(2] —1)(2)+3) \‘ 5p
o * A S A | YR 24
X(Dj_j-1D}_;+c.c) 2121+ 2) IDj_jl ..
SCF
3((2j—1)(2j+3)| 2 . ) s | |owe oHe
1 (2j+5) ) 3 [2j+3\¥2
2 =i+ P gy 20 I e iy
° . * s . .' ....... '. e o
X(Dj_iDf js1tc.c)|(IDj_j_1/*+|Dj_I? 6 8 .
E (a.u.)
+[Dj D)7 h (4)

FIG. 9. Photoionization cross sections near tpetfaresholds of
] ) ) radium. Total cross sections are shown for the RRBdlid line),
In Fig. 7, B is shown in the RRPA and RRPARA. The sub- RRpARA (dot-dashed ling Dirac-Hartree-Fock from Ref[6]
stantial changes noted in thel £ross sections due to relax- (dashed ling and experiment from Ref1] (solid circles. Partial
ation effects are not reflected in tigparameter. This has 5p cross sections are shown for the RRR¥duble-dot dashed line
been noted previously in the case of barium and xdn  and RRPARA(dotted line.
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2 — 3

/\ 5p 5p

E (a.u.)

FIG. 11. 53,:5p4, branching ratioy for radium. The solid
line is the RRPA and the dashed line is the RRPARA.

8 9 and RRPARA branching ratios are in agreement near thresh-

E (a.u.) old where relaxation effects should be most apparent. It is

interesting to again note that the RRPA result reported here

FIG. 10. Photoelectron angular-distribution asymmetry paramis considerably larger above 9 a.u. than the result reported in

eters for Sp electrons of radium. For gy, electrons, the solid Ref. [5] because of the inclusion here of interchannel cou-
line is the RRPA, the long-dashed line is the RRPAR, the dOt'pIing with the 4f channels.

dashed line is the RRPARA. Fomp5, electrons, the short-dashed
line is the RRPA, the dotted line is the RRPAR, and the dashed
double-dot line is the RRPARA. E. The 4f subshell

The 4f subshell of radium has previously been studied
calculations that include interchannel coupling and the exonly in Dirac-Hartree-Fock calculatior{§]. In the case of
periment[1]. The total photoionization cross section in this atomic mercury, it was found that relaxation effects had a
region is still dominated by thedchannels so that the in- large influence on the f4photoionization cross sectid®9].
clusion of relaxation effects does not alter the total photoionfor radium, however, the effecti@for 4f electrons is con-
ization cross section greatly. However, the removal of the 5 siderably larger than it was for mercury, lessening the impor-
electron causes dramatic rearrangement of §)e6p, and to  tance of relaxation effects. The total photoionization cross
a lesser extent thedbelectronic orbitals. The reduction of sections in the energy region whete 4 subshell cross sec-
the 5p single-excitation channel cross sections due to overtions dominate the absorption are shown in Fig. 12 in the
lap integrals is approximately 79%. This oscillator strength ISRRPA and RRPARA. The initial rise in the cross section is
redistributed to multiple-excitation processes. A comparisony e o 4 photoionization with the centripetal barrier causing
of the 5p partial cross sections in the RRPA and RRPARA 3 je|ay of the onset of absorption. The absorption déd

in Fig. 9 shows the large effect of rearrangement. 4p electrons causes the double peaks in the cross section

In Fig. 10, the angular-distribution asymmetry parametersD . . .
. etween 20 and 40 a.u., respectively, with dbsorption
p for the 5p subshell are presented in the RRPA, RRI:)AR’Ieading to a slight change in the second derivative of the

and RRPARA. The RRPA results presented here are ver .
different than those presented by Deshmukh, Radajevid Xross section between 40 and 60 a.u. It sho_uld be noted that
0good agreement between theory and experiment throughout

channels derived from channels originating frord, 5p, the eqtire energy range was achieved only when !nterchannel
5s, and 4 subshells, where Deshmukh, Radojeviand coupling between tha=§ andn=4 channels was '|n(':Iud'ed.
Manson[5] included the 20 channels originating frons,7 The results .shovv.n in Fig. 12 included 30 relativistic dipole
6p, 6s, 5d, and 5 subshells. Evidently, the interactions channels originating fromd, 5p, 4f, 4d, 4p, and 4 sub-
between the p subshell channels and thdé 4ubshell chan- shell electrons. For comparison purposes, the Dirac-Hartree-
nels are important. Relaxation effects are also seen to beock calculations of Chantld6] are also shown. Although
large for the % subshell3 parameters, particularly for the the shape of the Dirac-Hartree-Fock calculation is not very
5p4, subshell where the slope of the RRPARA calculation isdifferent from the calculations including interchannel cou-
of opposite sign than the slope of the RRPA calculation. pling, the overall scale is considerably different. Relaxation
The branching ratioy= o(5p5,)/o(5p12) shown in Fig.  effects are not large on the total cross section, however, the
11 appears to be somewhat less sensitive to relaxation effegbartial 4f cross sections are reduced by 22.3% due to the
than either the cross section or tBeparameter. The RRPA inclusion of overlap integrals. Thef4angular-distribution
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FIG. 14. 4f,,:4f5;, branching ratioy for radium in the RRPA.
RRPARA prediction is nearly indistinguishable from the RRPA.
The statistical ratio of 4/3 is also shown for comparison.

FIG. 12. Photoionization cross sections above thahteshold
of radium. Total cross sections are shown in the RR&®#id line),
RRPARA (dashed ling Dirac-Hartree-Fock from Ref6] (double-

dot dashed lineand experiment from Refl] (solid circles. The ) L
dotted line is the partial photoionization cross section bfefec- ~ compared with the overriding influence of the nucleus. The

trons alone in the RRPARA. The dot-dashed line is the sum of thdotal photoionization cross sections above thktBreshold

photoionization cross sections from all other single-excitation chanare shown in Fig. 15 for the RRPA, the RRPAR, and the

nels. RRPARA. The calculations included 32 relativistic dipole-
allowed channels including excitations of ,44d, 4p, 4s,

asymmetry parameter and branching ratio shown in Figs. 18d, 3p, and 3 electrons. Near-threshold, relaxation effects

and 14, respectively, are also not greatly influenced by relaxteduce the cross section as seen in the RRPAR. However,
ation effects. accounting for downward transitions of #lectrons into the

3d vacancy in the RRPARA tends to nearly restore the total
F. The 3d subshell

0.7
In this extremely deep inner subshell, most of the many-
electron correlation effects might be thought to be small AEg, n=3
0.6
L J
2 |
0.5 4
4f \
o
_ 044 ,\
2 DHF | | . \
o . '
0.3 .
L4 . \'\

0.2 . \

o 1 ‘. . ey
0.1 - M‘\ T ]
0.0 | ) 1 ] ]
100 120 140 160 180 200 220
E (a.u.)
0 . : . . FIG. 15. Photoionization cross sections above tta3esholds

10 20 30 of radium. Total cross sections are shown for the RR&#d line),
RRPAR (dashed ling and RRPARA (dot-dashed ling Dirac-
Hartree-Fock from Ref[6] (double-dot dashed lineand experi-
FIG. 13. Photoelectron angular-distribution asymmetry param-ment from Ref.[1] (solid circleg. The partial cross section for
etersp for 4f electrons of radium. Plots are nearly indistinguishabledirect photoionization of 8 electrons is shown in the RRPARA as
for 4f,, and 45, electrons. RRPA and RRPARA predict nearly a dotted line. The summed partial cross sections for all other single-
identical results. excitation channels are shown as a line with solid triangles.

E (a.u.)
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'\/ FIG. 17. 3s;,:3dy, branching ratioy for radium. RRPA is
; ! ’ shown by a solid line and RRPARA is shown by the dashed line.
120 140 160 7 . .
E (a.u) The statistical ratio of 3/2 is also shown.

FIG. 16. Photoelectron angular-distribution asymmetry param-atlon effects, but interchannel coupling played an important

eter B for 3d electrons of radium. For &, electrons, results are _rolg m_obtalnlng an a_ccurqte description of the total _photo-
shown in the RRPAsolid line and RRPARA(dashed ling For ionization cross sections in the near-threshold regions of

3dy, electrons, results are also shown for the RR{@at-dashed both of these deep |nner.subshells.
line) and RRPARA(dotted line. It appears that relaxation effects are small for outer sub-

shells where most of the spectator electrons remaining in the
) o _ ion make only slight adjustments to their orbitals when the
cross section to the RRPA prediction. The Dirac-Hartreephotoelectron is removed. The relaxation effects increase as
Fock calculations of Chantlg6] are shown for the sake of geeper subshells are considered until at deep enough sub-
comparison and are again found to be low. Agreement beshelis, the nuclear potential dominates and relaxation effects
tween the RRPA and experimdi] is very good, especially  again become small.
at higher energies. Figures 16 and 17 show the angular-"t is hoped that the theoretical work presented here will
distribution asymmetry parameters and the branching ratiogtimulate additional theoretical and experimental work on
for the 3d subshell. As was noted for the total phOtOioniza— radium and other h|gz_ atoms. In particu'ar’ resonance re-
tion cross section, only subtle differences are detected bgjions could be studied both theoretically and experimentally.
tween the models that include relaxation and those that d?’he new Synchrotron ||ght sources Could be used to y|e|d
not for both 3 and y. absorption spectra with more detail near each of the thresh-
olds where many-body effects are important. Photoelectron
IV. CONCLUSION spectroscopy could be used to determine branching ratios
Relaxation effects and interchannel coupling have beer"?md pgrt?al cross sections. Perhaps even deeper, more h'ighly
S : relativistic inner subshells could be carefully studied with
evaluated for photoionization parameters of the various suh-
. . ard x rays and theory.
shells of radium. Relaxation effects are small for the valence
and penultimate subshells and the highly correlated RRPA
seems to provide an excellent description of the total absorp-
tion. However, the 8 and 5 subshell photoionization pa- The authors wish to thank V. Radojévior use of the
rameters seem to be strongly influenced by relaxation effectRRPAR code and Walter Johnson for use of the RRPA code.
The rearrangement of electron orbitals of the ion upon reWe also acknowledge Stephen E. Vance and Quinn Shamb-
moval of 5p electrons is substantial. Interchannel coupling islin for their role in the development of the RRPARA model.
seen to be important for the angular-distribution asymmetryThis work has been supported in part by Grant No. PHY-
parameter and branching ratio of thp Subshell. The #and 9707183 of the National Science Foundation and by the Of-
3d subshell cross sections are only weakly affected by relaxfice of Scholarly Research of Andrews University.
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