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Spin-orbit-interaction activated interchannel coupling in dipole and quadrupole photoionization
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The effect of spin-orbit interaction activated interchannel coupling in dipole and quadrupole photoionization
of the 4p and 4d subshells of Xe and the 5p and 5d subshells of Rn using the relativistic random phase
approximation (RRPA) is studied. Interference between channels arising from spin-orbit split components is
found to influence the dipole cross sections of Xe 4d and Rn 5d subshells, and also the quadrupole cross
sections of Xe 4p and Rn 5p subshells. The photoelectron angular distribution parameters are also affected, but
to a lesser extent. Using the understanding gained, the conditions required for large spin-orbit interaction

activated interchannel coupling effects are delineated.

DOI: 10.1103/PhysRevA.79.043401

I. INTRODUCTION

Interchannel coupling, i.e., correlation among the final
continuum states of an ionizing transition, has been found to
be of great importance for the understanding of the atomic
photoionization process [1-4]. In particular, it has been
found that the coupling of channels arising from spin-orbit
split subshells can cause significant changes in the energy
dependence of the photoionization parameters in the near-
threshold region [5,6]. This effect is known as spin-orbit
interaction activated interchannel coupling (SOIAIC). Inter-
channel coupling is known to affect weak photoionization
channels that are degenerate with strong channels, especially
near the ionization threshold [7]. Thus, the effect shows up in
spin-orbit doublets in the situation where the cross section
for the j=/+1/2 state is much smaller than the cross section
for the j=I-1/2, in the region of the j=/—1/2 threshold. It
was first identified [5] in an analysis of an experimental in-
vestigation of partial cross sections and angular distribution
asymmetry parameters of the Xe 3d spin-orbit components
[8]. Similar effects in the 3d subshell photoionization of Cs
and Ba have been seen experimentally [9,10]. Furthermore, it
has been shown that the effect of spin-orbit interaction acti-
vated interchannel coupling is also exhibited in quadrupole
spin-polarization parameters and generalized oscillator
strengths of 3d subshells of Xe, Cs, and Ba [11,12], and the
SOIAIC effect has been found to influence dipole photoion-
ization of Xe 3p [13], Xe 4d [14], and Hg 3d [15] as well. Tt
is therefore of some interest to explore this phenomenon
somewhat further.

In the present work, we have carried out calculations on
dipole and quadrupole photoionization of the 4d and 4p sub-
shells of Xe, and of the 54 and 5p subshells of Rn, in an
effort to understand better where SOIAIC is important and
why. Xe and Rn atoms were chosen for the present study as
both are closed-shell atoms, and hence amenable to the rela-
tivistic random phase approximation (RRPA) methodology
[16,17] employed in the present work. The 4d and the 4p
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subshells of Xe, and the 5d and the 5p subshells of Rn, offer
themselves as interesting subjects for the interchannel cou-
pling effects investigated in the present work due to their
spin-orbit splitting, and also due to the fact that the centrifu-
gal barrier faced by the continuum wave functions involved
in the corresponding dipole/quadrupole photoionization
channels which plays a significant role in the manifestation
of the SOIAIC effect.

II. BRIEF THEORETICAL DETAILS

The RRPA methodology is based upon the Dirac equation,
and hence relativistic effects, including the spin-orbit split-
tings of the atomic subshells, are included explicitly. The
method is thus admirably suited for application to SOIAIC
study. In addition, RRPA includes significant aspects of mul-
tielectron correlation effects, including initial-state correla-
tion and interchannel coupling. The RRPA builds in electron
correlations starting with a Dirac-Fock initial state and in-
cludes all “two-electron-two-hole” Coulomb direct and
exchange-correlation diagrams. The inclusion of time-
backward diagrams enables one to include many of the im-
portant correlations in the initial state of the photoionization
process, while the inclusion of the time-forward diagrams
enables one to address correlations resulting from interchan-
nel coupling in the final state. The details of the RRPA meth-
odology are discussed in detail elsewhere [16,17].

Another useful feature of the RRPA methodology is that
the number of interacting photoionization channels can be
varied, i.e., the RRPA can be truncated. Of course, the cal-
culation including coupling among all of the relativistic
single-excitation channels arising from the photoionization
of the ground state of the atom is the most accurate. But,
truncation provides insight into the effects of a specific cou-
pling on the result; thus our calculations for each case have
been performed at two different levels of truncation, as fol-
lows:

For dipole photoionization from the np subshell

Level 1: np,,— s,ds,(two channels);
npsn — S,ds,ds(three channels);
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Level 2: npyn— s.d3p;

npsp — S,ds,dsp(five channels).

For dipole photoionization from the nd subshell,

Level 1: ndsn— pia.pan.fso(three channels);
nds;, — p3p.fsn.fr2(three channels),
Level 2: nds;, — pijospanafsis

nds;, — p3p.fsn.fr(six channels).

For quadrupole photoionization from the np subshell

Level 1: np— p3a.fsn(two channels);
np3;n = P12sP32s 5. f70(four channels),
Level 20 npyp— p3n.fsn:

np3pp — P2>P32:fs.f72(six channels).

For quadrupole photoionization from the nd subshell,

Level 1: ndsn — s,d3,dsp,g7(four channels);

nds, — §,d3,ds;. 872,892 (five channels),

Level 2: ndsp — s,d3,ds5,870;

nds;, — s,d3,ds)2, 872892 (nine  channels).

Computations at Level 1 will be referred to as pseudoinde-
pendent particle truncation (PIPT) since they include only
coupling among the channels arising from a given n/; sub-
shell. The Level 2 calculations will be referred to as intra-
subshell truncation (ISST) since they include also the inter-
channel coupling between the nl; spin-orbit doublet
photoionization channels, j=[+1/2 and j=[-1/2. It is to be
emphasized that a full calculation, which includes interchan-
nel coupling with the photoionization channels arising from
all of the other n’l;, subshells, has not been performed. Al-
though the full nontruncated calculation would evidently be
closest to experiment, the purpose of this work is to highlight
the effects of the interchannel coupling among the spin-orbit
doublets. Furthermore, the omitted channels have only a mi-
nor effect in the energy ranges considered herein.

Note that when all possible single-particle excitations/
ionizations are included in the RRPA calculation, the full
nontruncated calculation, cross sections calculated in the
“length” and “velocity” [17] formulations are identically
equal [16,17]. But, for truncated RRPA calculations, this is
not strictly true. For the results presented in this paper, how-
ever, “length” and “velocity” results generally agree to
within about 5%. Thus, in this paper we ignore the differ-
ences and present only results in the length formulation.

Since experimental binding energies are available for
atomic Xe [18], we have replaced the Dirac-Fock (DF)
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TABLE 1. The thresholds of the subshells for which photoion-
ization is reported in the present work.

DF threshold Expt. threshold

Subshell (eV) (eV) [18]
Xe 4d5/2 71.669 67.6
Xe 4dsy, 73.780 69.5
Xe 4ps, 162.802 156.5
Xe 4py 175.583 163.9
Rn 5d5/2 54.875

Rn 5ds ), 59.586

Rn 5psn 140.845

Rn 5p1/2 174.400

thresholds by the experimental thresholds while performing
the RRPA calculations for Xe. In the case of atomic Rn,
however, experimental data are scanty and hence DF thresh-
olds were employed. The thresholds of the subshells for
which photoionization is reported in this work are given in
Table I.

III. RESULTS AND DISCUSSION
A. Dipole photoionization

The partial cross sections for Xe 4ds,, and 4d5,, at the two
levels of truncation described above are shown in Fig. 1
where it is seen that, at the quasiindependent particle (PIPT)
level, both cross sections exhibit a substantial shape reso-
nance of about 25 Mb. Furthermore, the maxima are seen to
occur at roughly the same energy. This is very different from
the inner-shell 3d cases in Xe, Cs, and Ba studied earlier
[5,6,8—10] which also exhibit similar shape resonances but
where the j=5/2 cross section is quite a bit smaller than the
Jj=3/2 in the vicinity of the j=3/2 shape resonance. This
difference is a consequence of the fact that the 3d thresholds
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FIG. 1. (Color online) Xe 4d partial cross sections in the dipole
approximation. Results are shown in the PIPT and ISST levels of
truncation of the RRPA. The vertical lines indicate the threshold
energies.

043401-2



SPIN-ORBIT-INTERACTION ACTIVATED INTERCHANNEL...

3.6 T T T T T T T

3ch Xe
6 ch i
—— Cheng et al. (6 ch RRPA) [19]
e Expt: Adam et al. [20]
o Expt: Ausmees et al. [21] b
= Expt: Shannon et al. [22]

3.0

24

4d, ,:4d,, Branching Ratio

181 ]
[ ]
cole .,o- ==
12+ B
06 PRRUY BN WU S T [N TN TR S N U ST ST S AN SN S T TN [ S T S S [T ST S S S Y
70 80 90 100 110 120 130

Photon Energy (eV)

FIG. 2. (Color online) Xe4d dipole branching ratio
(4ds):4d5),). The present three channel (dotted) and six channel
(thick solid) are compared with earlier theoretical [19] (thin solid)
and experimental [20] (solid circles) [21], (open circles) and [22]
(solid squares) results. The vertical lines indicate the experimental
and Dirac-Fock (DF) 4d5,, thresholds.

are separated by ~15 eV, but the 4d thresholds only by
about 2 eV, as seen in Fig. 1. This difference suggests that
the manifestations of interchannel coupling are likely to be
different in the 3d and 4d cases. The results of the coupled
(ISST) calculation, seen in Fig. 1, indicate that both 4d cross
sections are affected strongly by interchannel coupling; both
shape resonances become broader and lower, and the 4ds),
cross section acquires a low-energy kink. It is evident that
the kink in the ISST result for the 4ds,, cross section at about
5 eV above the ionization threshold is absent in the PIPT
calculation. Therefore, this structure in the 4ds, cross sec-
tion must be a result of interchannel coupling with the 4d5,,
photoionization channels, i.e., the SOIAIC effect. For the 3d
case, instead of a kink, a dip and second maximum are
found; this is a consequence of the difference in the spin-
orbit split thresholds in the two cases. In addition, it was seen
that, for Xe 3d photoionization [5,6], a major effect of inter-
channel coupling was to alter the 3ds/, cross section in the
vicinity of the 3ds,, shape resonance; as a general rule, the
dominant effect of interchannel coupling is the alteration of
the smaller of the degenerate cross sections [7]. For Xe 4d
photoionization neither cross section is much larger than the
other, and the phenomenology is seen to be rather different.
This point shall be addressed in detail below.

Though the kink in the cross section of Xe 4ds,, is rather
small, the effect is well identified in the branching ratio of
the cross sections, as can be seen from Fig. 2, where the
earlier RRPA result [19] is also shown along with various
experimental results [20-22]. The small disagreement be-
tween the present RRPA result and that of Ref. [19] is par-
tially due to the fact that experimental thresholds [18] have
been employed in the present work, whereas the Dirac-Fock
thresholds were employed in [19]. It is to be noted that all
theoretical and experimental results deviate significantly
from the statistical ratio (1.5) up to about 20 eV above the
ionization thresholds. The departure of the branching ratio
from the statistical ratio is clearly due to spin-orbit interac-
tion activated interchannel coupling.
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FIG. 3. (Color online) Dipole angular distribution asymmetry
parameter B3 for Xe 4d as a function of photoelectron energy. Re-
sults are shown in the PIPT and ISST levels of truncation of the
RRPA.

Even though the interchannel coupling changes the 4d;
cross sections significantly, this significant alteration is not
reflected in the angular distribution asymmetry parameter /3,
as seen in Fig. 3. This is because [ is given by a ratio of
matrix elements, and the effects of interchannel coupling
largely wash out in the ratio, even though they are significant
in both numerator and denominator. Thus, as a general rule,
B may not be a very good indicator of interchannel coupling
effects, spin-orbit interaction activated or otherwise.

In order to gain further insight into the SOIAIC effect, the
absolute values of the photoionization matrix elements for
the uncoupled, PIPT, calculation and the coupled, ISST, cal-
culation in Figs. 4 and 5 respectively, are shown; absolute
values are shown since correlation renders the dipole matrix
elements complex. From Fig. 4 it is seen that the three 44
— f matrix elements dominate the photoionization process
(except right at the thresholds) and, of the three, the 4ds),
— f5,, is much smaller than the other two. Thus, one expects
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FIG. 4. (Color online) Absolute values of dipole matrix ele-
ments for Xe 4d when channels from 4d5, and 4ds, are not
coupled (PIPT). The vertical lines indicate the threshold energies.
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FIG. 5. (Color online) Absolute values of dipole matrix ele-
ments for Xe 4d when channels from 4ds, and 4ds,, are coupled
(ISST). The vertical lines indicate the threshold energies.

the interchannel coupling to affect this smaller amplitude
most strongly. This is, in fact, the case, as seen in Fig. 5
which demonstrates that the kink is almost entirely due to the
effect of interchannel coupling upon this smaller amplitude.
An effect on the 4ds,— f7,, is also seen, but the effect is
much smaller since this 4ds,, — f7,, amplitude is much larger
than 4ds,, — f5,,. In addition, an overall broadening and flat-
tening of the 4d — f amplitudes is seen in Fig. 5, with the
smallest amplitude, 4ds,— f5,, experiencing the largest
change.

Similar truncated RRPA calculations have been performed
for dipole photoionization of Rn 5d; the cross sections for
both levels of truncation are shown in Fig. 6 for the j=5/2
and 3/2 subshells. The results are seen to be similar to the
Xe 4d case. The cross sections are broadened and lowered by
the interchannel coupling, and the j=5/2 cross section again
acquires a kink, a significantly more prominent kink than in
the Xe 4d case, however. Evidently the interchannel cou-
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FIG. 6. (Color online) Rn 5d partial cross sections in the dipole
approximation. Results are shown in the PIPT and ISST levels of
truncation of the RRPA. The vertical lines indicate the threshold
energies.
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FIG. 7. (Color online) Dipole angular distribution asymmetry
parameter 3 for Rn 5d as a function of photoelectron energy. Re-
sults are shown in the PIPT and ISST levels of truncation of the
RRPA.

pling effects are stronger for the Rn 5d subshells. The in-
crease in interchannel effects is due primarily to the in-
creased spin-orbit splitting in this case as opposed to the
Xe 4d case, along with the increase in other relativistic ef-
fects. This kink translates to a strong dip in the branching
ratio (not shown); this branching ratio has not yet been
looked at experimentally, but the present results suggest that
such a study would prove most interesting.

Results for the photoelectron angular distribution asym-
metry parameter 3, shown in Fig. 7, are very similar to the
Xe case, with one exception; in the neighborhood of the kink
in the 5ds), cross section, which was seen to occur about 10
eV above threshold, the six-channel 5ds,, B shows a decided
dip reflecting the kink.

Absolute values of the matrix elements of Rn 5d photo-
ionization are shown in Fig. 8 (PIPT) and Fig. 9 (ISST). The
matrix elements corresponding to the transitions 5ds;, — f7/2,
5ds;»— fs, and S5ds,— f5, exhibit shape resonances. The
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FIG. 8. (Color online) Absolute values of dipole matrix ele-
ments for Rn 54 when channels from 5d5, and 5ds, are not
coupled (PIPT). The vertical lines indicate the threshold energies.
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FIG. 9. (Color online) Absolute values of dipole matrix ele-
ments for Rn 54 when channels from 5d5,, and 5ds, are coupled
(ISST). The vertical lines indicate the threshold energies.

photoionization channels from the 5d;;, subshell open at a
slightly higher energy than 5ds,, and strong interchannel
coupling effects are seen in Fig. 9 primarily due to interfer-
ence among 5ds;,— fs), 5d3;,— f5p0, and 5dsp— f7/, chan-
nels, resulting in the significant dip in the 5ds,— fs,, and
5ds,,— f7,, matrix elements at hv~ 65 eV. As in the case of
Xe 4d, this interference manifests only in the six-channel
ISST case (Fig. 9) but not in the case of PIPT (Fig. 8), so it
must be due to the coupling between the 5ds, and 5ds),
photoionization channels, i.e., the structure is clearly due to
the SOIAIC effect. Here also, in addition to generating the
structure in the 5ds;; — f5/,, and 5ds,, — f7,, matrix elements,
complex mixing among the strong matrix elements modifies
the cross section over almost the entire energy range.

Calculations of the dipole photoionization of Xe 4p and
Rn 5p (not shown) do not exhibit any significant effect of
SOIAIC. Evidently, this is because of the fact that the cross
sections of the j=I+1/2 channels are not small compared to
the cross sections of the j=[—1/2 channels, in these cases;
centrifugal barrier effects which are large enough to produce
significant delayed maxima are required, which appears to
mean that continuum waves of /=3 are required, at least for
Xe and Rn. However, quadrupole photoionization couples
these np states to the f-wave continuum so that SOIAIC
effects might be expected in such cases; this is considered in
Sec. III B.

B. Quadrupole photoionization

To test the inference concerning the possibility of quad-
rupole SOIAIC effects, and since there have been only a few
studies on correlation effects in quadrupole photoionization
[23-25], RRPA calculations have been carried out for the
Xe 4d, Rn 5d, Xe 4p, and Rn 5p subshells, using both PIPT
and ISST levels of truncation, just as for the dipole photo-
ionization case presented above.

RRPA results for the quadrupole photoionization cross
sections for Xe 4d and Rn 5d subshells are shown, respec-
tively, in Figs. 10 and 11 at both PIPT and ISST levels. Very
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FIG. 10. (Color online) Xe 4d partial cross sections in the quad-
rupole approximation. Results are shown in the PIPT and ISST
levels of truncation of the RRPA. The vertical lines indicate the
threshold energies.

little difference is seen between the results of these two lev-
els of calculation, which means that interchannel coupling
hardly influences the quadrupole photoionization cross sec-
tion in these two cases. A strong delayed maximum in the
quadrupole photoionization cross section due to the centrifu-
gal barrier faced by the final eg states involved in the quad-
rupole transitions is exhibited, but it is so delayed that it does
not contribute appreciably to the cross sections in the near-
threshold region. This delayed maximum is preceded by a
small dip in the cross section just above the threshold, both
for Xe 4d and the Rn 5d cases. To understand this dip, in
Fig. 12 the absolute values of the quadrupole matrix ele-
ments for Xe 4d are shown (only ISST results are shown as
the PIPT results are almost the same, in this case). Here it is
seen that while the 4d — eg quadrupole channels get stronger
as the photon energy increases above the threshold, peaking
toward the maximum of the corresponding shape resonance,

7T+ 7T+ 771

g4 (x 107 Mb)

.150. = .200. =
Photon Energy (eV)

0-....|...
50 100

FIG. 11. (Color online) Rn 5d partial cross sections in the quad-
rupole approximation. Results are shown in the PIPT and ISST
levels of truncation of the RRPA. The vertical lines indicate the
threshold energies.
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FIG. 12. (Color online) Absolute values of quadrupole matrix
elements for Xe 4d when channels from 4d5,, and 4ds,, are coupled
(ISST). The vertical lines indicate the threshold energies.

the strength in the 4d— ed and 4d— es channels decrease
with energy. In the region of the crossover of these compet-
ing channels, the photoionization cross section, which is de-
termined by the sum of the squares of all of these matrix
elements, shows a dip since the channels that are decreasing
with energy dominate in the threshold region. No feature is
seen in the quadrupole cross sections or the corresponding
matrix elements that has in it any perceptible influence of the
SOIAIC effect; the situation for Rn 5d is essentially the
same.

While there is no SOIAIC effect on the quadrupole matrix
elements (and cross sections), it is however noticed in the
corresponding nondipole angular distribution asymmetry pa-
rameter { which is equal to (y+38), y and & being given in
[18]. This is due to the fact that the nondipole parameter ¢
depends upon both the quadrupole amplitudes and the dipole
amplitudes [18], the latter being affected by SOIAIC. This is
seen from a comparison of the PIPT and ISST truncation
level results of £, shown in Figs. 13 and 14, respectively, for
Xe 4d and Rn 5d subshells. However, since the angular dis-
tribution parameter {, like B, is given by a ratio of matrix
elements, the effect(s) of interchannel coupling are relatively
small. Both Xe 4d and Rn 5d display some structure for
small photoelectron energies. The coupled (ISST) results are
almost exactly the same for Xe 4ds, and 4d5),, indicating a
cancellation of interchannel coupling effects, but for
Rn 5ds, and 5d;),, differences are seen; interchannel cou-
pling effects do not quite cancel out here most likely due to
the fact that the Rn 5d subshells are significantly more rela-
tivistic than Xe 4d, and this results in dynamical differences
between 5ds,, and 5ds,. Note, for example, the differences
in near-threshold structure between Rn 5ds,, and 5d;),, seen
in Fig. 14. In any case, it is evident from Figs. 13 and 14 that
the nondipole parameters are small over the whole threshold
region. Note further that the composite nondipole parameter
{=7y+36, where vy and & are the individual nondipole param-
eters [18]. { is presented, rather than y and & individually for
two reasons: first, the dynamical effects are essentially the
same in all three parameters, so it somewhat redundant to
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FIG. 13. (Color online) Nondipole angular distribution asymme-
try parameter { for Xe 4d as a function of photoelectron energy.
Thick and thin dotted curves are the uncoupled (PIPT) 4ds;, and
4ds), ¢, respectively, and the corresponding solid curves are respec-
tive coupled (ISST) results.

present y and &, and second, many experiments measure {
rather than y and/or §[18] by themselves.

The calculated quadrupole photoionization cross sections
for Xe 4py), and 4p;), subshells are shown in Fig. 15 and the
behavior is strikingly similar to that of dipole photoioniza-
tion from the 3d subshell of Xe [5], and for pretty much the
same reasons. The crucial ingredient for the significant mani-
festation of SOIAIC in the Xe 3d dipole case was seen to be
the shape resonance in the ef continua, which are accessible
to the 34 initial states via dipole transitions. In the quadru-
pole case, the 4p initial states can couple to the same con-
tinua via the absorption of quadrupole photons, thereby re-
sulting in very similar phenomenology, as seen in Fig. 15.

The SOIAIC effect is not significant in the case of dipole
photoionization of the Xe 4p subshell, as mentioned above,
despite which the nondipole photoelectron angular distribu-
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FIG. 14. (Color online) Nondipole angular distribution asymme-
try parameter { for Rn 5d as a function of photoelectron energy.
Thick and thin dotted curves are the uncoupled (PIPT) 5ds,, and
5ds, C, respectively, and the corresponding solid curves are respec-
tive coupled (ISST) results.
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FIG. 15. (Color online) Xe 4p partial cross sections in the quad-
rupole approximation. Results are shown in the PIPT and ISST
levels of truncation of the RRPA. The vertical lines indicate the
threshold energies.

tion asymmetry parameter { for Xe 4p,,, and 4p5,, subshells,
shown in Fig. 16, shows signs of SOIAIC effects. Since the
parameter depends upon both dipole and quadrupole ampli-
tudes [18], it is evident that the occurrence of SOIAIC ef-
fects in the quadrupole amplitudes is responsible for these
the SOIAIC structure in the { parameters corresponding to
Xe 4p. For 4p5),, the effects are seen to show up only in the
vicinity of the kink in the 4p;/, cross section, but for 4p,,
interchannel coupling effects are in evidence over a larger
energy range. In addition, the Xe 4p; subshells show rather
large dynamical differences between them since they are
rather relativistic, i.e., the radial-wave functions in initial and
final states are j dependent. Furthermore, the ¢ parameter for
4p,,, is rather large, reaching a value of about —0.5 approxi-
mately 8 eV above threshold. The 4p;,, {, does not become
nearly as large because of an accidental partial cancellation
of individual terms in the sum for the calculation of £ [18];

b7 7
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0 10 20 30 40 50

Photoelectron Energy (eV)

FIG. 16. (Color online) Nondipole angular distribution asymme-
try parameter { for Xe 4p as a function of photoelectron energy.
Thick and thin dotted curves are the uncoupled (PIPT) 4p;, and
4p1)» ¢, respectively, and the corresponding solid curves are respec-
tive coupled (ISST) results.

PHYSICAL REVIEW A 79, 043401 (2009)

S0 TTeo 10 200
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FIG. 17. (Color online) Rn 5p partial cross sections in the quad-
rupole approximation. Results are shown in the PIPT and ISST
levels of truncation of the RRPA. The vertical lines indicate the
threshold energies.

the accidental cancellation does not, however, occur for the
4py), case.

The quadrupole photoionization cross section for Rn 5p,
and 5p;), is shown in Fig. 17. In this case, the atomic number
being rather high, the spin-orbit splitting is so much that the
quadrupole 5ps3,, photoionization cross section is already
quite small, being well above the shape resonance peak, at
the 5py,, photoionization threshold. Thus, in the neighbor-
hood of the 5p,, shape resonance, the uncoupled 5p;;, cross
section is about a factor of 4 smaller than the 5p,,,. Despite
this difference in cross section, interchannel coupling results
in only a small effect on the 5p;/, cross section, and almost
none at all on the 5p,, result. This is because the splitting of
the thresholds is so large, about 40 eV, that the interchannel
coupling matrix element is quite small in the region of the
5p,,, threshold, owing to the relatively poor overlap between
the ef wave functions corresponding to S5p;, and 5ps);

T 77T

Rn

T 40 60 80 100
Photoelectron Energy (eV)

FIG. 18. (Color online) Nondipole angular distribution asymme-
try parameter ¢ for Rn 5p as a function of photoelectron energy.
Thick and thin dotted curves are the uncoupled (PIPT) 5p;/, and
5p12 ¢, respectively, and the corresponding solid curves are respec-
tive coupled (ISST) results.
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photoionization, respectively. In other words, in the Sp;,
threshold region, for the ef corresponding to 5p5,, ionization,
e~40 eV, while for the ef corresponding to 5p,, €
~0 eV, resulting in a small overlap in the interchannel cou-
pling matrix element. This indicates that SOIAIC becomes
important only when the spin-orbit splitting of the n/; sub-
shells is relatively small.

The angular distribution asymmetry parameter ¢ for
photoionization of Rn 5p,,, and 5p;,,, shown in Fig. 18, ex-
hibits almost no SOIAIC effect, since neither the dipole nor
quadrupole channels do. However, there is a rather large dy-
namical difference between the spin-orbit split channels, ow-
ing to relativistic effects. Furthermore, at the maxima in the
quadrupole cross sections, rather large values of { are found,
indicating that the quadrupole channels contribute signifi-
cantly to the photoelectron angular distribution.

IV. CONCLUDING REMARKS

The influence of spin-orbit interaction activated interchan-
nel coupling has been explored for four subshells of Xe and

PHYSICAL REVIEW A 79, 043401 (2009)

Rn in both dipole and quadrupole photoionization manifolds
using the RRPA calculational methodology at several levels
of truncation to spotlight the effect(s) of interchannel inter-
actions. From these results, it is inferred that the conditions
for SOIAIC to be important are the existence of a strong
shape resonance near threshold, and relatively small spin-
orbit splitting in the energies of the n/; thresholds, but large
enough so that the cross section of the j=I/+1/2 subshell is
smaller than the j=/-1/2 in the vicinity of the j=I[-1/2
shape resonance. The effects are manifest in the subshell
cross sections and branching ratios. They are less important
in the photoelectron angular distribution parameters, dipole
and nondipole, because these quantities are ratios of matrix
elements and the interchannel effects tend to cancel out in
the ratios.
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