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Many-body effects in the photoionization of radon
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The total and partial photoionization cross sections, branching ratios, and photoelectron angular-distribution
asymmetry parameters have been calculated for atomic ragie8§) for all subshells from the 6 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 among many channels was found to be important in calculations of the total cross sections for most
shells, and relaxation effects were found to be substantial fonth& shell.

PACS numbd(s): 32.80.Fb

[. INTRODUCTION the 1s subshell of Ar[12] and Ne[13].
The purpose of this paper is to study the role of many-

Radon is the heaviest of the noble-gas atoms, and thugody effects, in particular interchannel coupling and core
offers a unique opportunity to study purely atomic photoion-relaxation, on the photoionization parameters in the vicinities
ization at highZ. In particular, electrons in the deep inner of various thresholds of atomic radon. The calculations ex-
shells of radon have very large effectizand are thus tend from photon energies just above th@ &alence-
highly relativistic. It is interesting to evaluate the importancephotoionization threshold to energies capable of ejecting
of correlation effects such as interchannel coupling and corélectrons from then=3 shell. The calculations were carried
relaxation near the photoionization thresholds of deep inneput within the framework of the RRPAL4], the relativistic
subshells. random-phase approximation modified to include relaxation

Experimental x-ray absorption spectra at particular char{RRPAR) [9], and the relativistic random-phase approxima-
acteristic wavelengths were reported for radon and manyion modified to include relaxation and Auger decay
other elements by Henket al. [1]. Binding energies for (RRPARA) [12]. The RRPARA includes overlap integrals
many of the subshells of radon have been measured bgetween continuum orbitals of the relaxed ion with ground-
Bearden and Burf2]. Unfortunately, experimental work on State orbitals of the neutral initial-state atom. A detailed de-
high-Z systems such as radon are limited partly because dgicription of the three theoretical methods can be found else-
the radioactive nature of many such elements. Theoreticavhere[9,12,14. Where possible, we compare the results of
work on radon photoionization has included studies usingheory with experiment$1] to evaluate the merits of the
relativistic Dirac-Slater calculations of thep6subshell[3]  various approximation techniques. The results are reported in
and the 5 subshell[4] and more recently Dirac-Hartree- Sec. Il in a shell-by-shell manner. Section Ill is a brief dis-
Fock calculationg5] over a very large range of photon en- cussion of some of the implications of the work.
ergies. The closed-shell electron structure of the ground state
of radon makes photoionization studies within the relativistic Il. RESULTS
random-phase approximatiofRRPA) possible. Deshmukh
et al. [6] calculated photoionization cross sections, angular- A. The 6p subshell
distribution asymmetry parameters, and branching ratios for The total photoionization cross section above the valence
both radon and radium using the RRPA. Their radon calcuthreshold is shown in Fig. 1 for the RRPA and RRPARA.
lations included interchannel coupling of the 18 relativistic The RRPAR result is not shown since it is indistinguishable
dipole channels from the b subshell down to the p sub-  from the RRPARA. Throughout this paper, cross sections are
shell. They found many interesting correlation effects in theshown as the geometric mean of length and velocity gauge
photoionization parameters due to interchannel coupling, infesults. The RRPA and RRPARA thresholds are denoted
cluding correlation-induced Cooper minima in cross section®HF (absolute value of Dirac-Hartree-Fock eigenvajussd
and dips in the angular-distribution asymmetry parameters.AEgcg (absolute value of the difference between total self-

Core-relaxation effects in calculations of inner-shell consistent energies of the neutral atom and,icgspectively.
photoionization have been of interest for some tif7g. The experimental data from Henle¢ al. [1] are also shown
Among the systems for which the inclusion of relaxationfor comparison. The Dirac-Hartree-Fock calculations of
effects were found to be crucial are thd dnd 3 subshells Chantler[5] are shown so that the effects of interchannel
of Xe [8] and Ba[9], the 4f subshell of H10], and very coupling may be evaluated. Eighteen relativistic dipole-
recently the ® and 5 subshells of R@11]. The importance allowed channels originating from the@&ubshells to the p
of also including the contribution of overlap integrals be-subshells were included in RRPA-type calculations near the
tween continuum orbitals of the relaxed ion with ground-6p threshold. Some of the differences between RRPA-type
state orbitals of the neutral initial state was demonstrated focalculations and DHIF5] appear to be due to threshold dif-
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60 TABLE |. Photoionization threshold§n a.u) for the various

J

subshells of atomic radon. The second column lists the absolute
6p values of single-particle eigenvalues from a Dirac-Hartree-Fock
(DHF) calculation using the code of R€fl5]. The third column
lists the absolute value of the difference between self-consistent-
field calculations of total energy of the neutral atom and the ion
(AEgcp. The fourth column lists theoretical energies from RBf.

The fifth column lists the experimental threshold enerdigb

g DHF Threshold energies for the valence subshells are not given in Ref.
5 | | \ [2].
°
20 - . SubshellJ DHF AEgcr Ref.[5] Exp.[2]
Ay \\ ‘o . 6ps,  0.383897 0.36133  0.261869
| | : / 6py, 0.540327 0.507813 0.388533
\ 6sy, 1.072660 1.03320 0.806263 0.955
0 _ . — 5ds, 2016237 1873047 162633 176
1 2 5dy, 2.189242 2.039063 1.78935 1.76
E (a.u.) 5ps;  5.175256 4.996094 4.36641  4.667
o , 5py,  6.408925 6.205078 557744  6.027
FIG. 1. Pho_tou_)nlz_atlon cross sections above t_petl_freshold of _ 55,5 8416623 8203125 7.38034 7 864
radon. The solid line is the total RRPA cross section; the dotted line 4 8027239 8417969 781240 8746
is the total RRPARA cross section. RRPAR is not shown but is 2 ' ' ' '
indistinguishable from the RRPARA. The dot-dashed line is Dirac- 452 9.192872 8.673828 8.07123 8.746
Hartree-Fock calculation from Rg6]. Solid circles are experimen- 4ds)> 20.43738 19.93164 19.7342 19.88
tal measurements of total absorption from Héi. 4dy,  21.54644 21.02344 20.8220  208R.15
4ps,  30.11873 29.59961 28.2232 2825
ferences. The RRPA calculations reported here used the ab- 4py, 36.02071 35.44727 34.1398 3415
solute value of the DHF eigenvalues as photoionization 4s,, 41.34832 40.77734 40.3137 40.31
thresholds, and the RRPARA calculations used the absolute 3ds,  107.7754 106.4570 106.293  106:20.11
value of the difference between the total self-consistent en- 3d,, 1125613 111.2266 111.037  111:9@.11
ergies of the neutral atom and ioAEgcg. The computer 3psn 131.7248 130.5176 130.018 136:0.4
code of Granet al.[15] was used to obtain these theoretical ~ 3p,,  154.9013 153.5957 152.839 152-8.4
thresholds. These are not always in agreement with the the- 35 . 166.9666 165.7129 164.709  164.7
oretical thresholds given in Rd] (see Table)l Relaxation
effects play only a very minor role for this subshell, and the
RRPA appears to give an excellent description of the total 2

photoionization cross section. The inclusion of relaxation as

part of the photoelectron potential can actually yield an in-

correct result for valence electrons, since relaxation effects in

the initial state can also be important and tend to cancel

effects due to the relaxation of the final state.
Angular-distribution asymmetry parameters for the,;6

and @4, subshells are shown in Fig. 2 in the RRPA and

RRPARA. There is quantitatively little difference between B

the RRPA and RRPARA calculations near threshold.

Another photoionization parameter of interest is the 1=

branching ratioy=o(6ps5)/ o (6p10). Shown in Fig. 3, this
parameter varies significantly from the statistical value based
on the ratio of occupation numbers of 2 in this region, as
reported earlier by Deshmulét al. [6]. The branching ratio
falls below the value of 2 because both thes;6 and &4,
partial cross sections become smaller with increasing energy,
and the @5, begins its decline at a lower threshold energy
than does the B,,. Here again, the relaxation effects are
subtle.

B. The 5d subshell

E (a.u.)

FIG. 2. Photoelectron angular-distribution asymmetry parameter

o o ~ p for 6p electrons of radon. The solid and dot-dashed lines are
The total 5l photoionization cross section is shown in 6p,, in the RRPA and RRPARA, respectively. The dashed and
Fig. 4 in the RRPA and RRPARA along with experimental dotted lines are B,,, in the RRPA and RRPARA, respectively.
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FIG. 3. 6ps;»:6pq, branching ratioy for radon in the RRPA
(solid line) and RRPARA(dotted ling. The statistical ratio of 2.0 is
shown as a dashed line for comparison. FIG. 4. Photoionization cross sections above tbetFeshold of

radon. Total cross sections are shown in the RR&@d line) and

. RRPARA (dashed ling The Dirac-Hartree-Fock calculation of Ref.
measurementgl] and DHF calculation$S]. The effects of 5] is shown as a double-dot-dashed line. The experimental total

interchannel coupling can be seen by comparing the DHIgroes section from Refd] is shown as solid circles. The partial
and RRPA calculations. Aside from a shift of threshold for cross section for direct & photoionization in the RRPARA is

the two calculations, it appears that the peak in the DHFshown as a dotted line and the partial cross section for all other
calculation is sharper and the falloff for energies beyond thaingle-excitation channels is shown as a dot-dashed line.

peak is steeper than the RRPA result. For this shell, we in-

cluded 24 dipole-allowed channels from the valenge 6

channels to channels involvingf 4lectrons. It is interesting  Bn«( @)=
to note that for radiumZ =88), where the effectivé for 5d

electrons is approximately two units larger, the RRPA cross

section drops monotonically with increasing energy from the
threshold. Here, the centripetal barrier causes the cross sec-

tion to assume a “giant resonance” form as noted in tke 4

1(2j—3)D , 3 2j-1 \'?
2 2 |j_’j‘1|_2_j 2(2j+2)

(2j-1)(2j+3)

. *x —
X(Dj_j-1Dj ;+c.c) 21(2] 1 2)

1=

2
ID;_jl

3((2j—1)(2j+3)\?
——(— (Dj_j-1D} 1, +c.C)

cross sections of Xg8], Ba[9], and the lanthanidgg]. 2\ 2j(2j+2)

Thg effgct of r(_elaxat|on is to broaQen and Iovx_/er the pgak, 1 (2j+5) 3 2j+3|12
redistributing oscillator strength to higher energies. The lim- — -—|Dj~>j+1|2+ R R
ited experimental data near threshold is consistent with either 2 —(2j+2) (2j+2)12(2))

the RRPA or RRPARA. At higher energies, beyond the

peak, the RRPA calculations are in better agreement with X(Dj_iDf. i1+ c.c)|(IDj_j_4|*+|D;_;I?
experiment than the RRPARA, which includes relaxation ef-

fects. This is to be expected since, at large photoelectron +|Di iDL (1)
energies, the ion does not have time to relax before the pho- =

toelectron is far from the ion. In Fig. 5, 8 is shown in the RRPA and RRPARA. The sig-

~Also shown in Fig. 4 is the partial cross section for thejficant changes in thedscross sections are not seen in fhe
direct knockout of 8 electrons. The experimental data parameter. This has been noted previously in the case of
shown[1], however, are only to be compared with the totalyenon[g], barium[9], and radium{11]. Branching ratiosy
cross-section calculations. The sum of partial cross sections o(5ds))/ (5ds,) for the RRPA and RRPARA are shown
for all other channels is shown, and it can be seen that intefy, Fig. 6 along with the statistical ratio of 3/2. Although the

channel coupling of these weaker channels with the stronggprpa and RRPARA differ somewhat near threshold. the
5d channel causes the weak channels to be enhanced. d§cylations agree with one another within 1 a.u. above

should also be noted that in the RRPARA the sum of all ofireshold.

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

represents oscillator strength due to multiple-excitation chan- The 5p subshell is interesting because of large spin-orbit

nels in the “sudden” approximatiofl6]. effects and substantial interchannel-coupling effects. In Fig.
The angular-distribution asymmetry paramefeis less 7, the total cross section in the vicinity of thg Shresholds

sensitive than the cross section to relaxation effects since is shown in the RRPA, RRPARA, DHF5], and experiment

depends on ratios of matrix elements according to the formurl]. The RRPA model seems to give an excellent description

lation [14,17] of the total photoionization in this energy region. The DHF

C. The 5p subshell
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FIG. 5. Photoelectron angular-distribution asymmetry parameter FIG. 7. Photoionization cross sections near tpetfiresholds of
B for 5d electrons of radon. Theds,, is shown as a solid line and radon. Total cross sections are shown for RREsblid line),
dotted line for the RRPA and RRPARA’ respective|y. Tl*d%/5|s RRPARA (dot'dashed I|n)3 Dirac-Hartree-Fock from Ref[5]

shown as dashed and dot-dashed line for the RRPA and RRPARAdOuble-dot-dashed ling and experiment from Ref[1] (solid
respectively. circles. Partial & and partial  cross sections in the RRPARA

are shown as dashed and dotted lines, respectively.

calculation [5], which does not include interchannel cou- tal (6 bV b h included the 26
pling, is well below the experimental measurements. Unlike™t & [6], presumably because we have include €

the case of radium, where the removal of p Blectron ?Ilpolee-allogvedS((j:haSnnekl_)s derl\(/jegf frortr)l r(]:hl?nnerl]s ongmart]mg
caused a radical rearrangement of the valence electron rom bp, s, >0, op, S, an subshells where Desn-

orbital, the removal of the |5 electron in radon causes only a anUId; et ?L [6] '(;'CIUdedbt?]enlg Ech_znn(tells (t:)rzlgma;tlng tf_rom
slight rearrangement of the valencep Gorbitals. In the p. 6s, 5d, and 3 subshells. Evidently, the interactions

RRPARA calculation, the reduction of thep5single- between the p subshell channels and thé 4ubshell chan-

excitation channel cross sections due to overlap integrals i els are important. Small relaxation effects are seen for the
p subshell@ parameters.

approximately 10%. The partial cross sections shown in Fig:
7 suggest that the oscillator strength for absorption is ap- 2
proximately evenly divided between the@ Shannels and the
5d channels in this region.

In Fig. 8, the angular-distribution asymmetry parameters | AEgcr
B for the 5p subshell are presented in the RRPA and
RRPARA. The RRPA results for thepg, subshell presented
here are somewhat lower than those presented by Deshmukh

8 p
DHF
6 -
0 4

V4.

24 T T T T T T T

5 6 7 8
E (a.u.)
0
2 3 FIG. 8. Photoelectron angular-distribution asymmetry param-
E (a.u.) etersg for 5p electrons of radon. Forpy,, electrons, the solid line

is RRPA, the dotted line is RRPARA. Forpb, electrons, the
FIG. 6. &ds;,:5d3, branching ratiosy for radon. RRPA is the dashed line is RRPA, the dot-dashed line is RRPARA. The 18-
solid line and RRPARA is the dot-dashed line. The statistical ratiochannel RRPA calculation of R€ff6] is shown as solid circles for
of 3/2 is also shown as a dotted line for comparison purposes. the 5p3, and solid triangles for the (&, .
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o (Mb)

E{(a.u.)

FIG. 9. 5p3»:5p4,, branching ratioy for radon. The solid line is
RRPA and the dotted line is RRPARA. The 18-channel RRPA cal-
culations of Ref[6] are shown as a dot-dash line. The statistical
ratio of 2.0 is indicated as a dashed line. E (a.u.)

The branching ratioy= o/(5p3)/ o(5py2) shown in Fig. FIG. 10. Photoionization cross sections above thehteshold
9 is somewhat larger than the 18-channel RRPA calculationgf radon. Total cross sections are shown in the RR8dlid line),
of Deshmukhet al. [6] Apparently, interchannel Coupllng RRPARA (dashed I|n§?, Dirac-Hartree Fock from Re[5] (double'

between the p channels and thedschannels is important dot-dashed ling and experiment from Ref1] (solid circles. The
here. dotted line is the partial photoionization cross section bfedec-

trons alone in the RRPARA. The dot-dashed line is the sum of the
photoionization cross sections from all other single-excitation chan-
D. The 4f subshell nels.
The 4f subshell of radon has had very little theoretical
photoionization study prior to the DHF calculations of total photoionization cross sections above ttk tBreshold
Chantler5]. In the case of atomic mercury, it was found thatare shown in Fig. 13 for the RRPA, RRPAR, RRPARA,
relaxation effects had a large influence on tfephotoion- DHF [5], and experimenfl]. The RRPA-type calculations
ization cross sectiofil0]. For radon, however, the effective included 32 relativistic dipole-allowed channels, including
Z for 4f electrons is considerably stronger than it was forexcitations of 4, 4d, 4p, 4s, 3d, 3p, and 3 electrons.
mercury, lessening the importance of relaxation effects. Thé&ear threshold, relaxation effects reduce the cross section, as
total photoionization cross sections in the energy regiorseen in the RRPAR. However, accounting for downward
wheren=4 subshell cross sections dominate the absorption
are shown in Fig. 10 in the RRPA, RRPARA, and DFH. 2
The initial rise in the cross section is due té ghotoioniza-
tion with the centripetal barrier causing a delay in the onset
of absorption. The absorption ofd4electrons causes the
double peaks in the cross section between 18 and 22 a.u.
with 4p absorption, leading to a slight increase in the cross
section near 30 a.u. Interchannel coupling appears to play a
role here, reducing the peak of the cross section, and the
RRPA agrees well with experiment over a wide energy
range. The RRPA-type results shown in Fig. 10 included 30
dipole channels originating fromds 5p, 4f, 4d, 4p, and
4s subshell electrons. Relaxation effects are not large on the
total cross section; however, the partidleross sectioltalso
shown in Fig. 10is reduced by 14% due to the inclusion of
overlap integrals. Thefdangular-distribution asymmetry pa-

rameters and branching ratios shown in Figs. 11 and 12, 0 r . . .
respectively, are also not greatly influenced by relaxation 10 20
effects. E (a.u.)

FIG. 11. Photoelectron angular-distribution asymmetry param-
eters B for 4f electrons of radon. Forf4,, electrons results are

In this extremely deep inner subshell, we might expecishown for RRPA(solid line) and RRPARA(dotted ling. For 4fs,
most of the many-electron correlation effects to be smalklectrons results are RRRAot-dashed lineand RRPARA(dashed
compared with the overriding influence of the nucleus. Thdine).

E. The 3d subshell
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20 40
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FIG. 12. 4f,,:4f5, branching ratioy for radon in the RRPA
(solid line) and RRPARA(dashed ling The statistical ratio of 4/3
is also shown for comparison.

120 ' 140 r 160
E (a.u.)

. . . FIG. 14. Photoelectron angular-distribution asymmetry param-
transitions of 4 electrons into the @ vacancy in the eer g for 3d electrons of radon. Ford,, electrons, results are
RRPARA, nearly restores the total cross section to th&hown in the RRPAsolid line) and RRPARA(dotted ling. For
RRPA prediction. At high energies, all three RRPA-type3q,, electrons, results are also shown for RR@lashed lingand
models and the DHF calculatiofs] are in reasonable agree- RRPARA (dot-dashed ling
ment with the measured cross sectidl] and with each
other, signifying that many-body effects are no longer very
important and that interactions with the nucleus dominate th
process. However, near threshold there is a significant dep
ture between the RRPA-type calculations and the DB
showing that interchannel coupling is still an important ef-
fect. Figures 14 and 15 show the angular-distribution asym-
metry parameters and the branching ratios for tdes8b- Interchannel coupling and relaxation effects have been
evaluated for photoionization parameters for the various sub-
shells of radon. Differences between RRPA and DHF calcu-
lations in the valence 6 subshell can probably be explained
by differences in threshold energies. The most striking
many-body effects are found for photoionization of electrons
from then=5 shell, where both interchannel coupling and
relaxation effects are notable. Relaxation effects in radon are
not as prominent as was seen in radilii] because of the

%_hell. Some residual effects of relaxation may be noted in the
at5ranching ratio.

IlI. CONCLUSION

1.0

s absence of the sensitive s7 valence-shell electrons.
=
b
2.0
3d
154 & 2 e 2 ww = as s ss 4
I
- 1 (7
100 120 140 160 180 200 1.0 d I
E (a.u.)
FIG. 13. Photoionization cross sections above thel8esholds
of radon. Total cross sections are shown for RR{Alid line) 0.5 . .
RRPAR (dashed ling and RRPARA (dot-dashed ling Dirac- 120 140
Hartree-Fock(double-dot-dashed linefrom Ref. [5], and experi- E (a.u.)

ment from Ref.[1] (solid circles. The partial cross section for

direct photoionization of 8 electrons is shown in the RRPARA as FIG. 15. 3ds,:3d3, branching ratioy for radon. RRPA is

a dotted line. The summed partial cross sections for all other singleshown by a solid line and RRPARA is shown by the dashed line.
excitation channels is shown as a line with solid triangles. The statistical ratio of 3/2 is shown as a dotted line.
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Interchannel-coupling effects are noted for the fubshell  high Z. Also, photoelectron spectroscopy could be used to
cross sections, but relaxation effects are small. For the vergietermine partial cross sections for single- and multiple-
deepn=3 subshell, notable differences persist near threshexcitation channels.
old between models that include interchannel coupling and
the one-electron mod¢b].
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