
PHYSICAL REVIEW A 101, 043411 (2020)

Effects of spin-orbit-interaction-activated interchannel coupling on photoemission time delay
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Spin-orbit-interaction-activated interchannel coupling (SOIAIC) has been investigated theoretically in the
time delay domain for 3d photoemission in the isoelectronic sequence I−, Xe, and Cs+ using the relativistic-
random-phase approximation with relaxation. The results show that SOIAIC becomes more important with
increasing nuclear charge, and that time delay is affected more strongly than cross sections or photoelectron
angular distribution β parameters.
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I. INTRODUCTION

Capturing the dynamics of electronic motion within atoms
has become reality with the outstanding advancement of
ultrafast laser technology. The dynamics of electrons on the
attosecond time scale can now be resolved using state-of-
the-art experimental techniques employing very short laser
pulses [1–3]. The fact that photoionization from atomic sys-
tems is not instantaneous and has a time delay associated
with it has triggered a large number of studies, both theo-
retical and experimental [4–24]. These studies were aimed
at the determination of the time delay in various situations.
The theoretical analysis of the time delay is carried out within
the formalism of quantum collision physics developed by
Wigner [25], Eisenbud [26], and Smith [27]. Photoionization
can be interpreted as a half-collision process, the final state
being the same as elastic scattering of an electron from the
residual ion. Using this idea, the photoionization time delay is
studied in the context of the Wigner-Eisenbud-Smith (WES)
time delay. It is defined as the energy derivative of the phase of
the complex transition matrix element for the photoemission
process. The time delay is an important measurable parameter
which provides a sensitive probe of electron correlations and
dynamics. In addition, the WES time delay provides direct
information about the phase of the matrix element. In the
two-photon measurement techniques, there are contributions
to the total time delay from two different sources: (i) the
intrinsic delay τWES (i.e., the WES time delay) during the
ionization process itself and (ii) the Coulomb laser coupling
contribution, which is due to the interaction of the ionized
electron with the combined field of the dressing laser and
the residual ionic core. In the present paper, we study τWES,
which bears the signature of the ionization process. Earlier
work has shown that the Wigner-Eisenbud-Smith time delay is
very sensitive to electron correlations, especially in the energy
region of autoionization resonances [9,13,14,16,22,23,28],
near Cooper minima [29], and in the vicinity or inner-shell
thresholds [21].

Many-body correlations are at the very foundation of
atomic physics and are also responsible for various interest-

ing phenomena. Spin-orbit-interaction-activated interchannel
coupling (SOIAIC) is an example of many-body interactions,
specifically the impact of interchannel coupling among the
photoemission channels from the two states comprising a
spin-orbit doublet. In the present paper, we investigate the
effect of SOIAIC on the WES time delay spectrum. SOIAIC
has been known for some time since its experimental ob-
servation [30] in the partial photoionization cross section of
Xe 3d , followed by a theoretical calculation and explanation
[31] of the double hump structure in the 3d5/2 cross section.
The effects of SOIAIC on various photoionization parameters
have also been investigated [32,33], but there are very few
studies [17,34,35,50] dealing with the effects of the spin-orbit
interaction on the time delay spectrum. In the present paper,
we have investigated the photoemission time delay from the
spin-orbit split 3d subshells of Xe, I−, and Cs+ which are iso-
electronic to one another, to focus upon how time delay varies
along the isoelectronic sequence. Previous studies [36] have
shown that cross-section results using relativistic-random-
phase approximation with relaxation (RRPA-R) [37] were in
very good agreement with experiment; therefore, the same
methodology has been used in the present paper. The RRPA-R
formalism takes into account the relativistic corrections and
many electron correlations along with the relaxation of the
core. The methodology is discussed in the next section.

Note that the variation in the energy-dependent phase
involved in photoionization transition channels affects not
only the WES time delay but the angular distribution of the
photoelectrons as well. The asymmetry β parameter gen-
erally shows a significant energy dependence which brings
out some, but not all, of the physics inherent to the energy-
dependent phases. Since β is a ratio [38,39], some information
due to cancellation in the numerator and the denominator
is lost. Photoemission time delay, however, captures all of
the phase information, being the energy derivative of the
phase of the complex transition amplitude. When the outgoing
photoelectron has access to multiple final states in the contin-
uum, interference between these channels leads to spectacular,
measurable, angular dependence of the time delay [15,34,40].
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In this paper, energy dependence of the partial photoionization
or photodetachment cross sections and the angular distribution
asymmetry parameter for photoelectron ejection from the 3d
subshells of Xe, I−, and Cs+ is reported. In addition, the
energy and angle dependence of the photoionization or pho-
todetachment Wigner-Eisenbud-Smith time delay for these
cases are discussed.

II. THEORETICAL METHOD

A. Time delay calculation

The formalism of the angle dependent photoionization
or photodetachment time delay has been described earlier
[15,34]. The electric dipole matrix element for a transition
from an initial state a ≡ (l, j, m) to the final state ā ≡
(l̄, j̄, m̄) due to the interaction with linearly polarized pho-
tons (having its polarization direction along the z axis) is
expressed, within a real multiplicative factor, as

T (1ν)
10 =

∑
κ̄m̄

[χ†
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j̄ 1 j
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In the above equation, the Ylm−ν (n̂) are the spherical har-
monics and χν is the two-component spinor weighted with
the corresponding Clebsch-Gordon coefficients. The complex
amplitude T (1ν)

10 consists of various terms including the angle
dependent spherical harmonics. These are responsible, along
with relativistic and correlation effects, for the phase, and the
resulting Wigner time delay, to become angle dependent. A
shorthand notation,

Dl j→l̄ j̄ = i1−l̄ eiδκ̄ 〈ā‖Q(1)
1 ‖a〉, (3)

is used for simplicity. The present paper deals with the pho-
toionization from the spin-orbit split 3d subshells. There are
ten transition amplitudes due to possible transitions from the

spin-orbit split 3d states [34]. The six transitions from the
3d5/2 subshell are listed below:[
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The photoionization Wigner (WES) time delay is now
readily obtainable for photoionization in a given channel as

τ = h̄
dη

dE
, η = tan−1

{
Im

[
T 1±

10

]
Re

[
T 1±

10

]
}

. (5)

In the following we adopt the atomic units and set e = m =
h̄ = 1.

The subshell time delay, averaged over initial m states, and
summed over final spins of the photoelectron, is given by the
weighted average
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B. Relativistic-random-phase approximation with relaxation

The radial transition matrix elements required for the cal-
culation of the transition amplitudes, Eq. (3), are determined
in the present paper using the RRPA-R formalism [37]. This
many-body approach considers the electron correlations and
relativistic effects as in RRPA [41], but, in addition, it includes
the effect of relaxation of the core. RRPA-R employs two sets
of orbitals in the calculation: (i) ground-state orbitals of the
unperturbed initial state of the closed-shell target (same as in
the RRPA) and (ii) orbitals of the relaxed core with a hole
in the subshell from which the photoelectron originates. The
potential V N−1, i.e., the potential felt by the excited electron,
is calculated using the relaxed orbitals obtained using the
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self-consistent field of the ion having N − 1 electrons and
a hole in the given subshell. The Dirac-Fock orbital eigen-
values are taken as theoretical threshold values in the RRPA
method, whereas the differences between the self-consistently
calculated total energies of the N − 1 electron system with a
hole in specific subshells and the initial N-electron (atom or
ion) system, (�ESCF), are used as the ionization thresholds in
the RRPA-R method. The present paper aims at investigating
the effect of the spin-orbit interaction on the photoionization
time delay in the transition channels from the spin-orbit split
3d subshell. The SOIAIC effect emerges from interchannel
coupling between the transition channels originating from the
3d5/2 and 3d3/2 subshells and modifies the uncoupled transi-
tion matrix elements. The SOIAIC effect is more pronounced
in the 3d5/2 channels as compared to 3d3/2. The present paper
discusses results obtained at two different levels of truncation
of the RRPA-R to spotlight the effects of the coupling between
channels, as detailed below:

Level 1 (10 channels coupled):
3s1/2 → εp1/2, εp3/2,
3p1/2 → εs1/2, εd3/2

3p3/2 → εs1/2, εd3/2, εd5/2,
3d5/2 → εp3/2, ε f5/2, ε f7/2.

Level 2 (13 channels coupled):
3s1/2 → εp1/2, εp3/2,
3p1/2 → εs1/2, εd3/2

3p3/2 → εs1/2, εd3/2, εd5/2,
3d3/2 → εp1/2, εp3/2, ε f5/2,
3d5/2 → εp3/2, ε f5/2, ε f7/2.

At the first level of the truncation of RRPA-R, the transition
channels from the 3d3/2 subshell are excluded whereas they
are included in the second level of truncation. Other channels
which are important in the energy region studied in the present
paper, from the 3p and the 3s subshells, are included in both
sets of calculations. As mentioned, comparison between the
two sets of calculations enables us to delineate the SOIAIC
effect on photoionization or photodetachment time delay.

III. RESULTS AND DISCUSSION

The primary aim of the present paper is to investigate the
SOIAIC effect on photoionization or photodetachment time
delay along the Xe isoelectronic sequence including the Cs+

and I− ions.

A. Xenon atom

Partial cross sections calculated using RRPA-R for Xe
3d5/2 and Xe 3d3/2 have been reported earlier [36] but have
been recalculated in the present paper for completeness. Stud-
ies of photoionization time delay from the 4d subshell of
Xe have been reported [8,29,42], but the Xe 3d case which
exhibits SOIAIC has not been explored yet.

In Fig. 1, the dotted curves show the cross sections ob-
tained using RRPA-R excluding coupling between the chan-
nels from 3d5/2 and 3d3/2 subshells (level 1) whereas the
solid curves show the cross sections including interchannel
coupling (level 2); note that for this level 2 calculation, a
small region below the 3d3/2 threshold which is dominated

FIG. 1. Partial cross sections for the 3d5/2 (black) and 3d3/2 (red)
subshells of Xe. The solid and dotted curves are the present 13-
and 10-channel RRPA-R results, respectively; the dashed curves are
RTDDFT results [42], and the points are from experiment [30].
The RRPA-R thresholds are indicated by vertical lines. The offset
between RRPA-R and RTDDFT cross sections results from differing
theoretical thresholds. The short vertical line at about 687 eV indi-
cates the start of the resonance region.

by autoionizing resonances is omitted from the figure for
clarity of presentation. The present results are obviously the
same as those reported in [36], which are not shown. The
difference between the coupled and uncoupled 3d5/2 cross
sections due to SOIAIC is evident in the structure of the
coupled cross section in the 700 eV region. Also shown
in the same figure are the results of experiment [30] and
earlier theoretical results from relativistic time-dependent
density-functional theory (RTDDFT) calculations [42]. The
general agreement among the present results, experiment, and
the earlier RTDDFT calculation indicates the quality of the
present results; the slight overall shifts in energy result simply
from the differences in threshold energies. We note that the
resonances in the omitted autoionizing region are 3d3/2 → np
and n f . Both of the resonance series are rather weak, in this
case. The np series is weak because the l → l − 1 resonances
are virtually always weak [38], and the n f series is weak
because the effective f -wave potential in Xe is double welled
[43]. Therefore the n f states are bound in the outer well, so
that the overlap between the 3d and n f states is exceedingly
small.

The results for the photoelectron angular asymmetry β

parameter are presented in Fig. 2. Here it is seen that SOIAIC
has only a very small effect. This is because the β parameter
is a ratio of matrix elements [38,39] so that the SOIAIC
modification of the matrix elements, seen clearly in the cross
section, largely cancels out in the β parameter. The excellent
agreement of the present results with experiment and the
earlier calculation indicates that not only the magnitudes of
our calculated matrix elements are accurate, as indicated by
the cross section, but their phases are accurate as well. This
indicates that the photoionization time delay calculated using
these matrix elements is likely to be accurate as well.
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FIG. 2. Angular asymmetry β parameters for the 3d5/2 (black)
and 3d3/2 (red) subshells of Xe. The solid and dotted curves are
the present 13- and 10-channel RRPA-R results, respectively; the
dashed curves are RTDDFT results [42], and the points are from
experiment [30]. The RRPA-R thresholds are indicated by vertical
lines. The offset between RRPA-R and RTDDFT cross sections
results from differing theoretical thresholds. The short vertical line
at about 687 eV indicates the start of the resonance region.

The time delay in photoionization from the 3d5/2 subshell,
averaged over initial m states, and summed over final spins of
the photoelectron, Eq. (6), is presented in Fig. 3. Both levels
of truncation are compared to examine the SOIAIC effect.
The photoionization time delay with inclusion of interchannel
coupling between the 3d5/2 and the 3d3/2 subshells exhibits a
very deep minimum around 702 eV, followed by a hump, as a

FIG. 3. WES time delay for Xe 3d5/2 photoemission by lin-
early polarized photons, averaged over initial magnetic substates
and photoelectron-spin directions, calculated using RRPA-R with
(dotted curve, 13 channels) and without (dashed curve, 13 channels)
coupling with the 3d3/2 channels for 0◦, 30◦, 60◦, and 90◦ angles of
photoemission with respect to the photon polarization. The RRPA-R
thresholds are indicated by vertical lines. The short vertical line at
about 687 eV indicates the start of the resonance region.

FIG. 4. Partial cross sections for the 3d5/2 (black) and 3d3/2 (red)
subshells of Cs+. The solid and dotted curves are the present 13-
and 10-channel RRPA-R results, respectively; the dashed curves are
RTDDFT results [42]. The RRPA-R thresholds are indicated by ver-
tical lines. The offset between RRPA-R and RTDDFT cross sections
results from differing theoretical thresholds. The short vertical line at
about 745 eV indicates the start of the resonance region.

result of the SOIAIC. The time delay profile is qualitatively
similar for all the angles; the actual numerical values are,
however, different, if only slightly. Basically, the comparison
of the two levels of calculation demonstrates a significant
SOIAIC effect over an approximately 20 eV energy range,
from about 695 to 715 eV. Above and below this range,
however, all the curves obtained using the two different levels
of truncation merge together. The RRPA-R results with cou-
pling in the small energy region (between the short vertical
bar and the ionization threshold) composed of autoionization
resonances below the 3d3/2 threshold have not been shown to
avoid confusion. Note also that, below the region, where the
SOIAIC effect is dominant, as well as in the SOIAIC region,
the 3d5/2 time delay is strongly angle dependent. This stems
from the fact that the 3d5/2 → εp and 3d5/2 → ε f matrix
elements are of roughly the same magnitude in this region
with each dominating at different angles, as given in Eqs. (4).
At the higher energies, where 3d5/2 → ε f dominates, no such
angular dependence is seen. In any case, these predictions
concerning the time delay in the SOIAIC region should be
looked at experimentally.

B. Cs+ ion

In Fig. 4, the dotted curves show the cross sections ob-
tained using RRPA-R excluding coupling between the chan-
nels from 3d5/2 and 3d3/2 subshells (level 1). The solid curves
show the cross sections including interchannel coupling (level
2); again the autoionizing region is omitted for clarity. The
difference between the coupled and uncoupled 3d5/2 cross
sections is evident from the structure in the coupled cross
section in the 754 eV region. This is due to the SOIAIC
effect. Also shown in the same figure are the earlier theoretical
results from RTDDFT calculations [42]. Both the results are
in quite good agreement; the slight overall shifts in energy
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FIG. 5. Angular asymmetry β parameters for the 3d5/2 (black)
and 3d3/2 (red) subshells of Cs+. The solid and dotted curves are
the present 13- and 10-channel RRPA-R results, respectively; the
dashed curves are RTDDFT results [42]. The RRPA-R thresholds
are indicated by vertical lines. The offset between RRPA-R and
RTDDFT cross sections results from differing theoretical thresholds.
The short vertical line at about 745 eV indicates the start of the
resonance region.

result simply from the differences in threshold energies. The
details of the SOIAIC structure in the 3d5/2 cross section differ
significantly from the Xe case. This is due to the combined
effects of differences in the matrix elements and the separation
of the 3d5/2 and 3d3/2 in Cs+ vs Xe. Also, unlike Xe, for
Cs+ the 3d5/2 cross section has a very significant structure
just below the 3d3/2 threshold when coupling between the
3d5/2 and 3d3/2 channels is included due to the resonant
3d3/2 → n f excitations. The resonances are quite strong for
Cs+ because of the increased nuclear charge along with the
increased ionicity results in the collapse of the higher n f
bound states [44]. Therefore the first antinodes of the n f states
reside in the inner well of the potential, thereby dramatically
increasing the overlap with the 3d bound states in Cs+. This
phenomenon has been observed in the RTDDFT calculation
[42] as well.

Figure 5 shows the angular distribution asymmetry pa-
rameter β for Cs+. The region involving resonances has
been omitted as mentioned before. Unlike the case for Xe,
Fig. 2, in which the asymmetry parameter diminishes from
the threshold, in the case of Cs+, β rises from the threshold,
starting from about 0.6, which is close to the nonrelativistic
value [45] of β corresponding to the dominance of the d → f
channels. An abrupt increase in β for the 3d photoionization
of neutral Cs due to SOIAIC was predicted at 2 eV above the
3d3/2 threshold [46] and later seen in an experiment [47]. In
the present case, due to the ionicity of Cs+, this feature seems
to have moved below the 3d3/2 threshold. Overall, however,
the SOIAIC effect is small for the same reasons discussed in
connection with Xe.

The time delay in photoionization from the 3d5/2 subshell
of Cs+, averaged over initial m states, and summed over final
spins of the photoelectron, Eq. (6), is presented in Fig. 6.
Both the levels of truncation studied in the present paper are

FIG. 6. WES time delay for Cs+ 3d5/2 photoemission by lin-
early polarized photons, averaged over initial magnetic substates
and photoelectron-spin directions, calculated using RRPA-R with
(dotted curve, 13 channels) and without (dashed curve, 13 channels)
coupling with the 3d3/2 channels for 0◦, 30◦, 60◦, and 90◦ angles of
photoemission with respect to the photon polarization. The RRPA-R
thresholds are indicated by vertical lines. The short vertical line at
about 745 eV indicates the start of the resonance region.

compared to illustrate the SOIAIC effect. The photoionization
time delay with inclusion of interchannel coupling between
the 3d5/2 and the 3d3/2 subshells exhibits a hump around
753 eV (rather than a dip followed by a hump), as a result
of the SOIAIC. The SOIAIC region is only about 10 eV
wide, starting at the 3d3/2 threshold, but the deviation is very
large; at its maximum, the coupling increases the time delay
by more than 100 as. The profile is qualitatively similar for
all the angles, thereby indicating that the 3d5/2 → ε f matrix
element dominates over the whole range of energies; all the
curves obtained using the two different levels of truncation
come together below the autoionization region and above
about 762 eV. There is a very rich resonance structure in the
time delay in 3d5/2 photoionization below the 3d3/2 threshold
which has not been shown to avoid any confusion with the pri-
mary focus of the present paper. It is evident, however, that the
SOIAIC effect on the time delay extends into the autoionizing
region below the 3d3/2 threshold, but as mentioned this region
has not been investigated. In any case, however, the time delay
in the region of the SOIAIC effect is ripe for experimental
investigation.

C. I− ion

Looking now at the negative iodine ion illustrated in Fig. 7,
the dotted curves show the cross sections obtained using
RRPA-R excluding coupling between the channels from 3d5/2

and 3d3/2 subshells (level 1) and the solid curves show the
cross sections including interchannel coupling (level 2). The
difference between the coupled and uncoupled 3d5/2 cross
section is evident from the substantial decrease of the magni-
tude and a slight dip in the coupled calculation around 660 eV
due to SOIAIC. But, the effect is not as pronounced as the
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FIG. 7. Partial cross sections for the 3d5/2 (black) and 3d3/2 (red)
subshells of I−. The solid and dotted curves are the present 13-
and 10-channel RRPA-R results, respectively; the dashed curves
are RTDDFT results [42]. The RRPA-R thresholds are indicated
by vertical lines. The offset between RRPA-R and RTDDFT cross
sections results from differing theoretical thresholds.

other two cases. This phenomenology stems from the fact that,
of the three cases studied, I−, being a negative ion, has the
weakest attractive potential, of the three cases, for the final-
state continuum electron in a photoabsorption process. Thus,
the f electron is pushed out furthest in this case, so that the
maxima in the 3d → f cross sections are about 30 eV above
threshold, as opposed to the Xe case where they are more like
10 eV above their respective thresholds. As a consequence, in
the uncoupled cross sections, the 3d5/2 cross section is larger
than the 3d3/2, even at the maximum in the 3d3/2 cross section,
as seen in Fig. 7, again unlike the Xe case. Thus, the inter-
channel effect on the 3d5/2 cross section is much weaker here,
and this is seen in the coupled results in Fig. 7. In addition,
the threshold behavior of the 3d cross sections for I− differs
from those of Xe and Cs+ because the photodetachment cross
section increases from zero at threshold, as expected from the
Wigner threshold law [48]. Also shown in the same figure are
the results from relativistic time-dependent density-functional
theory calculations [42]. Both the results are in very good
agreement; the slight overall shifts in energy result simply
from the differences in threshold energies.

The angular distribution asymmetry parameter β is shown
in Fig. 8 for I− photoelectrons. The SOIAIC effect is negli-
gible in this case since it is small in the cross section, and,
owing to the nature of β as a ratio, the SOIAIC effects on the
asymmetry parameter is diminished, as in the previous cases.
The spectral shape of the β’s for I− is similar to Xe, indicating
that the phases and ratios of the magnitudes of the dipole
matrix elements are not so very different in the two cases.
The comparison with the RTDDFT result [42] shows excellent
agreement except for the shift in energy due to differences in
threshold values.

Figure 9 shows the suitably averaged photodetachment
time delay calculated at both levels of truncation. On the

FIG. 8. Angular asymmetry β parameters for the 3d5/2 (black)
and 3d3/2 (red) subshells of I−. The solid and dotted curves are
the present 13- and 10-channel RRPA-R results, respectively; the
dashed curves are RTDDFT results [42]. The RRPA-R thresholds
are indicated by vertical lines. The offset between RRPA-R and
RTDDFT cross sections results from differing theoretical thresholds.

scale of the figure, no effect of SOIAIC is apparent. The time
delay starts at a large negative value near threshold. This is
characteristic of the 3d → p transition which dominates near
threshold as a consequence of the Wigner threshold law [48].
The time delay then increases rapidly with energy until the
3d → f transitions dominate and the time delay becomes
positive and relatively smooth as a function of energy. Over
a roughly 30 eV region, starting a bit above the threshold, the
time delay shows a significant angular dependence, similar to

FIG. 9. WES time delay for I− 3d5/2 photoemission by lin-
early polarized photons, averaged over initial magnetic substates
and photoelectron-spin directions, calculated using RRPA-R with
(dotted curve, 13 channels) and without (dashed curve, 13 channels)
coupling with the 3d3/2 channels for 0◦, 30◦, 60◦, and 90◦ angles of
photoemission with respect to the photon polarization. The RRPA-R
thresholds are indicated by vertical lines.
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FIG. 10. Zoomed-in version of Fig. 9.

the case of Xe and for the same reasons. Clearly the SOIAIC
effect on time delay is much weaker for I− than it was in
the other two cases, just as the effect was seen to be weaker
in the cross section. Looking at an expanded scale, Fig. 10,
the SOIAIC effect is seen in the time delay profile around
660 eV over a 10 eV energy range, personified by a dip
in the time delay. However, the effect is much smaller than
in the previous two cases; for I−, the maximum change is
only about 10 as, while for Xe it was about 50 as and for
Cs+ it was about 100 as. In other words, the strength of the
SOIAIC effect on time delay increases along the isoelectronic
sequence. Despite the relatively small SOIAIC effect in this
case, it is, nevertheless, a good candidate for measurement for
two reasons: a significant angular distribution is present in the
time delay over a broad energy, and, more importantly, the
Coulomb laser coupling contribution is generally insignificant
for photodetachment [49].

IV. SUMMARY AND CONCLUSIONS

The spin-orbit-interaction-activated interchannel coupling
effect on photoemission time delay has been investigated

for 3d photoemission in the first three members of the Xe
isoelectronic sequence, I−, Xe, and Cs+. Since SOIAIC is
a purely relativistic effect, brought about by the relativistic
spin-orbit splitting of atomic subshells, the calculations were
performed with the fully relativistic-random-phase approxi-
mation with relaxation. In all three cases studied, the effects
of SOIAIC show up quite strongly in the time delay, somewhat
less strongly in the cross section, and least strongly in the
photoelectron angular distribution β parameter. That the β

parameter is least affected is owing to its nature as a ratio. The
fact that the time delay is affected more than cross sections
means that the interchannel coupling underpinned by the
SOIAIC affects phases of matrix elements more strongly than
magnitudes. In any case, this finding suggests that SOIAIC
is best studied in the time domain. This paper brings out the
quantitative features that arise in the time delay profile due
to SOIAIC for the atomic and ionic systems discussed; a dip
around 702 eV followed by a hump bears the signature of
SOIAIC in Xe, whereas the case of Cs+ shows a significant
rise just after the 3d3/2 threshold, both reflecting the same
spin-orbit interaction effect but manifesting itself differently
in different cases. Rich structures in both Xe and Cs+, in the
region of autoionization resonances, a region which has not
been studied carefully in the present paper, also arise due to
SOIAIC. For I−, the SOIAIC effect results in a knee structure
around 660 eV, which arises due to the coupling between the
spin-orbit split channels. It was also found, somewhat unex-
pectedly, that SOIAIC becomes more and more important as
we move from I− to Xe and to Cs+. This was found to be
due to the details of the 3d → f shape resonances relative to
the splitting of the 3d thresholds. And this trend should
continue until these shape resonances move below threshold
into the discrete (autoionizing) region.
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Msezane, and V. Radojević, Phys. Rev. Lett. 88, 093002 (2002).

[32] M. Ya. Amusia, N. A. Cherepkov, L. V. Chernysheva, Z. Felfli,
and A. Z. Msezane, Phys. Rev. A 70, 062709 (2004).

[33] S. S. Kumar, T. Banerjee, P. C. Deshmukh, and S. T. Manson,
Phys. Rev. A 79, 043401 (2009).

[34] A. Mandal, P. C. Deshmukh, A. S. Kheifets, V. K. Dolmatov,
and S. T. Manson, Phys. Rev. A 96, 053407 (2017).

[35] A. Mandal, S. Saha, and P. C. Deshmukh, in Quantum Colli-
sions and Confinement of Atomic and Molecular Species, and
Photons. Select Proceedings of the 7th Topical Conference
of ISAMP 2018, edited by P. C. Deshmukh, S. Fritsche, M.
Krishnamurthy, and S. Majumder (Springer, Berlin, 2019),
pp. 74–85.
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