
PHYSICAL REVIEW A 106, 013102 (2022)

Photoionization branching ratios of spin-orbit doublets far above thresholds:
Interchannel and relativistic effects in the noble gases
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Photoionization branching ratios of all of the spin-orbit doublets in the noble gas atoms Ne, Ar, Kr, and
Xe have been investigated theoretically at energies well above the thresholds. The results confirm in all cases
that the general behavior of the branching ratios is to decrease monotonically below their statistical value with
increasing photon energy. This effect gets more pronounced with increasing Z. In addition, the branching ratios
can be strongly affected by interchannel coupling with inner shell photoionization channels. Although these
effects are strongest in the neighborhood of the inner shell thresholds, they can persist over a broad range of
energies,
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I. INTRODUCTION

The photoionization process is an excellent tool for the
study of atomic dynamics owing to the weakness of the
photon-electron interaction along with the fact that the photon
disappears after the interaction [1]. Over the years, the study
of relativistic interactions in many aspects of the photoion-
ization of atoms has received significant scrutiny [2–14]. A
particularly interesting case is the branching ratios (BRs) of
the cross sections of spin-orbit doublets. From a nonrelativis-
tic point of view, the photoionization branching ratio of a nl
doublet, ( j = l + 1)/( j = l−1) approaches (l + 1)/l , known
as the statistical ratio, that simply reflects the occupancy to
the two j states [15]. At low energies, near the thresholds, the
branching ratios can vary owing to the fact that the photoelec-
trons from each member of a doublet have different energies;
this is known as the kinetic energy effect [16–19]. At energies
far above the thresholds, where the photoelectron energies
are quite large, the kinetic energy difference becomes unim-
portant since the spin-orbit splitting is very small compared
to the photoelectron energies, and the only possibility for
deviation from the statistical ratio is the effect(s) of relativistic
interactions.

Some time ago, it was predicted theoretically that the
relativistic effects on the wave functions would cause the
branching ratios to deviate from the statistical ratios. Specif-
ically, it was shown that the branching ratio would not go to
a limit at all but would continually decrease with energy as
a result of the relativistic alteration of the initial-state wave
functions [20,21], but this prediction could not be verified at
the time with the then extant level of experimental capability.
However, with recent advances in experimental technology,
the prediction has recently been verified in the laboratory [22].
In addition, it has been found that, in the neighborhood of
inner-shell thresholds, relativistic effects on the interchannel

coupling cause significant alterations in the branching ratio
[22,23], i.e., the interchannel interactions can be very different
for the two members of a spin-orbit doublet owing to relativis-
tic effects.

In order to understand how these various effects behave as
functions of energy, subshell, and Z, and where the various
physical interactions are important, we have embarked upon
a computational study of the noble gases, Ne, Ar, Kr, and
Xe including all subshells and over a broad range of photon
energy. A further motivation for this work is to provide a
road map for experiment which is currently possible. The
relativistic-random-phase approximation (RRPA), which is
based on the Dirac equation so that relativistic interactions are
included on an ab initio basis, is employed in the calculation
[24,25]. RRPA also includes significant initial discrete and
final continuum state correlations. In particular RRPA con-
tains the interchannel coupling among the final-state channels
which essentially amounts to configuration interaction in the
continuum [24,25]. At the low energies, it has been shown that
the RRPA does an excellent job of reproducing the experimen-
tal branching ratios [4]; it is, therefore, reasonable to assume
that the RRPA predictions at high energies are also accurate.
This has been already tested in several cases [22].

Section II presents a brief discussion of the RRPA along
with the details of the present calculations. Section III presents
and discusses the branching ratio results on Ne, Ar, Kr, and
Xe, and the final section gives a summary and conclusions.

II. THEORY AND DETAILS OF THE CALCULATION

The relativistic-random-phase approximation (RRPA)
[24,25] has been used to perform the calculations. The RRPA
methodology is well known so it will not be repeated in
detail here. It is based on the Dirac equation so that relativis-
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tic effects, including the spin-orbit interaction, are included
on an ab initio basis. In addition, initial-state two-particle
two-hole correlations are included in the RRPA, as well as
final-state correlations in the form of interchannel coupling
(configuration interaction in the continuum). The importance
of interchannel coupling rests on the idea that photoionizing
transitions (channels) with a small cross section that are de-
generate with channels having a large cross section can be
strongly affected by the mixing of the final-state continuum
wave functions induced by the coupling. Furthermore, inter-
channel coupling can even dominate the cross section of the
weak channel. Numerous situations exist in which this has
been documented in both theoretical and experimental studies,
e.g., [22,26,27].

The RRPA has, of course, certain limitations. Some types
of multiple excitations from the initial state, e.g., ionization
plus excitation channels, are not included. However, since
these multiple excitation or ionization cross sections are small
compared to the cross sections of single-ionization channels,
a perturbation theory argument [26,27] indicates that they do
not play a strong role in the interchannel coupling of the
cross sections of interest and thus on the branching ratios.
Furthermore, resonance regions are not done well owing to the
absence of spectator Auger channels. These channels come
into play when an inner-shell electron is excited by the inci-
dent photon and the subsequent Auger decay does not involve
that same excited electron, leaving the residual ion in an
excited state [28]. In addition, Dirac-Fock energies are used
which can be a bit off particularly for inner shells. But this
leads only to small energy level shifts and will result in no
significant dynamical effects in the cross sections and branch-
ing ratios. Similarly, the omission of the Breit interaction and
QED lead to only very small energy shifts and essentially
no dynamical effects. As far as we are aware there has been
no published work that has considered the effects of these
small interactions on dipole photoionization transition matrix
elements, thereby suggesting that the effects are negligible.
The RRPA method has an important property: the matrix el-
ements and cross sections are gauge-independent, i.e., length
and velocity photoionization matrix elements are equal [25].
Technically, however, this only applies when all dipole al-
lowed single-excitation channels are included. By truncating
the RRPA calculation, coupling only some of the channels, it
is possible to pinpoint the specific channels responsible for the
interchannel coupling, in any given case.

Calculations were performed including all single-
excitation relativistic dipole photoionization channels for
Ne, Ar, Kr, and Xe, except that for Xe the 1s photoionization
channels were omitted, since the 1s ionization threshold is
so high in energy. A simple perturbation theory argument
demonstrates that the omission will have negligible impact
on the results at the energies considered. The fully coupled
calculations included

Ne: 2p3/2 → s1/2, d3/2, d5/2; 2p1/2 → s1/2, d3/2; 2s →
p1/2, p3/2; 1s → p1/2, p3/2 (nine channels).

Ar: 3p3/2 → s1/2, d3/2, d5/2; 3p1/2 → s1/2, d3/2; 3s →
p1/2, p3/2; 2p3/2 → s1/2, d3/2, d5/2; 2p1/2 → s1/2, d3/2; 2s →
p1/2, p3/2; 1s → p1/2, p3/2 (16 channels).

Kr: 4p3/2 → s1/2, d3/2, d5/2; 4p1/2 → s1/2, d3/2; 4s →
p1/2, p3/2; 3d5/2 → p3/2, f5/2, f7/2; 3d3/2 → p1/2, p3/2, f5/2;

FIG. 1. Photoionization cross section branching ratio for Ne
2p3/2/2p1/2 calculated using RRPA with full coupling (red dots) and
without coupling to 1s and 2s channels (blue squares). The vertical
dashed lines indicate the thresholds.

3p3/2 → s1/2, d3/2, d5/2; 3p1/2 → s1/2, d3/2; 3s → p1/2, p3/2;
2p3/2 → s1/2, d3/2, d5/2; 2p1/2 → s1/2, d3/2; 2s → p1/2, p3/2;
1s → p1/2, p3/2 (29 channels).

Xe: 5p3/2 → s1/2, d3/2, d5/2; 5p1/2 → s1/2, d3/2; 5s →
p1/2, p3/2; 4d5/2 → p3/2, f5/2, f7/2; 4d3/2 → p1/2, p3/2, f5/2;
4p3/2 → s1/2, d3/2, d5/2; 4p1/2 → s1/2, d3/2; 4s → p1/2, p3/2;
3d5/2 → p3/2, f5/2, f7/2; 3d3/2 → p1/2, p3/2, f5/2; 3p3/2 →
s1/2, d3/2, d5/2; 3p1/2 → s1/2, d3/2; 3s → p1/2, p3/2; 2p3/2 →
s1/2, d3/2, d5/2; 2p1/2 → s1/2, d3/2; 2s → p1/2, p3/2 (40 chan-
nels).

In addition, in most cases, truncated RRPA calculations
were performed with only specific interchannel couplings in-
cluded to understand how important the interchannel coupling
is, and the coupling between which specific channels is the
crucial one (or ones) in particular situations.

FIG. 2. Photoionization cross section branching ratio for Ne
2p3/2/2p1/2 calculated using RRPA with full coupling (red dots) and
without coupling to 1s channels (blue squares). The vertical dashed
line indicates the 1s threshold.
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FIG. 3. Photoionization cross section branching ratios for Ar
2p3/2/2p1/2 (upper panel) and 3p3/2/3p1/2 (lower panel) calculated
using RRPA with full coupling (red dots) and with coupling only
among 2p and 3p channels, respectively (blue squares). The vertical
dashed lines indicate the thresholds.

III. RESULTS AND DISCUSSION

A. Ne

Looking first at Ne, the lowest-Z element studied with all
relativistic photoionization channels from the 1s, 2s, and 2p
subshells coupled in the calculation, Fig. 1 depicts the broad
behavior of the 2p3/2:2p1/2 photoionization branching ratio.
As a result of the equality of length and velocity gauges in the
RRPA, only a single curve (the velocity form) is shown for
each case for Ne and for all subsequent calculations. In any
case, Fig. 1 shows that the branching ratio clearly does not go
to a statistical ratio of 2 with increasing photon energy; the
effects of the relativistic modification of the 2p wave func-
tions on the branching ratio are evident in that the branching
ratio moves below 2 and continues decreasing with increasing
photon energy. The origin of this general phenomenology was
predicted earlier [20,21]; it is useful to understand in detail
the underlying cause. To begin with, as the energy of a pho-
toionizing transition increases, the dipole matrix is generated
closer and closer to the nucleus, and this can be understood
both mathematically and physically. From a mathematical
standpoint, with increasing photoelectron energy the contin-
uum wave function (the final state of the photoelectron after
photoabsorption) becomes increasingly oscillatory, resulting
in a net cancellation of the matrix element beyond the first
node of the continuum wave function. This node moves to-
wards the nucleus with increasing energy, thereby causing the
matrix element to be generated in a region increasingly close
to the nucleus as the energy increases. From a physical point
of view, both energy and linear momentum must be conserved
in the photoionization process. High-energy photoabsorption
entails a lot of linear momentum which must be transferred to
the residual atom, where most of the mass is at the nucleus.
Thus, to take up this momentum, the absorption is most likely
to take place near the nucleus, i.e., at small r.

In any case, at large distances from the nucleus (large r) the
2p3/2 and 2p1/2 wave functions are virtually identical, but this

FIG. 4. Photoionization cross section branching ratios for Ar 2p3/2/2p1/2 left panel) and 3p3/2/3p1/2 (right panel) in the vicinity of the Ar
1s threshold calculated using RRPA with full coupling (red dots) and with coupling only among 2p and 3p channels (blue squares), respectively.
The vertical dashed lines indicate the 1s threshold.
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FIG. 5. Photoionization cross section branching ratios for Ar 2p3/2/2p1/2 left panel) and 3p3/2/3p1/2 (right panel) in the vicinity of the Ar
2s threshold calculated using RRPA with full coupling (red dots) and with coupling only among 2p and 3p channels (blue squares), respectively.
The vertical dashed lines indicate the 1s threshold.

is not the case for small r since the behavior of wave functions
near the nucleus is determined by j, not l , as shown by the
Dirac equation [29]. Specifically, the Dirac equation demon-
strates that the ratio of probability densities of any spin-orbit
doublet nll-1/2 : nll+1/2 diverges as Z2/r2 as r → 0. Thus, the
increase of the radial j = l−1/2 wave function relative to
the j = l + 1/2 near the nucleus accounts for the deviation
of the branching ratio from the statistical value. As discussed
above, since the dipole matrix element is generated at small
and smaller r, with increasing energy, this effect will increase
with energy, just as seen for the Ne 2p3/2:2p1/2 photoion-
ization branching ratio in Fig. 1. In addition, this suggests
that the effects should increase with increasing nuclear
charge Z.

Also shown in Fig. 1 is the 2p branching ratio calcu-
lated with no interchannel coupling from 1s and 2s channels,
a truncated RRPA calculation, which shows that interchan-
nel coupling has a small effect over a very large energy
range. This reinforces an earlier conclusion that interchan-
nel coupling affects most subshells of most atoms over a
range of energies [26,27] with the added dimension that the
interchannel coupling is affected by relativistic interactions as
well.

A small kink is seen in Fig. 1 around the 1s threshold,
shown in greater detail in Fig. 2. From this figure, interchannel
coupling is seen to have a small effect in the vicinity of the
1s threshold. Below the threshold the rise in the branching
ratio is due to the beginning of the autoionizing resonance
region of 2p → ns and nd resonances; the region left blank
is fraught with resonances and are not included in this study.
Above the 1s threshold, there is a small rise in the branching
ratio, thereby indicating that the interchannel coupling affects
the 2p3/2 and the 2p1/2 cross sections differently, i.e., the
interchannel coupling is affected by relativistic interactions.
Also shown in Fig. 2 is the truncated calculation omitting the
coupling with the 1s channels which is quite smooth through
this region. This clearly demonstrates that the structure is due
to interchannel coupling. Even though the 1s cross section is

much larger than the 2p cross section in this energy region,
the effect of the interchannel coupling is quite small. This
is because the radial overlap between the 2p and 1s wave
functions is small. Still, it is interesting to note that even for
low nuclear charges, relativistic effects are evident. This is
in line with earlier studies that have demonstrated relativistic
effects for even lighter elements [30–32].

B. Argon

Going up in Z to argon, Z = 18, Fig. 3 shows the broad
behavior of the Ar 2p and 3p branching ratios in which all
relativistic photoionization channels from 1s, 2s, 2p, 3s, and
3p are coupled in the calculation. A small portion of the Ar 2p

FIG. 6. Photoionization cross section branching ratio for Ar
3p3/2/3p1/2 calculated using RRPA with full coupling (red dots) and
with coupling only among 3p channels (blue squares). The vertical
dashed lines indicate the thresholds.

013102-4



PHOTOIONIZATION BRANCHING RATIOS … PHYSICAL REVIEW A 106, 013102 (2022)

FIG. 7. Photoionization cross section branching ratios for Kr np3/2/np1/2 and 3d5/2/3d3/2 calculated using RRPA with full coupling (red
dots) and with only intrashell coupling (blue squares). The vertical dashed lines indicate the thresholds.

results were presented earlier [22], but they are also included
here for completeness. In any case, while the branching ratios
differ in the two cases at low energies, at the higher ener-
gies they are remarkably similar, indicating that the principal
quantum number of the initial state is not important for the
high-energy behavior of the branching ratio. This is because
the high-energy dipole matrix elements are generated close to
the nucleus, i.e., at small r. In this region, the nuclear poten-
tial is quite large so that the binding energies are essentially
irrelevant. In such a region of space the wave functions of the
different initial states of the same l are the same, except for an
overall normalization factor [2,33,34], and this normalization
factor drops out in the ratio, thus causing the high-energy
branching ratios for spin-orbit doublets of the same l to be
essentially the same, exactly as our results indicate. The Ar 2p
and 3p branching ratios are also seen to fall off with increasing
energy as did the Ne 2p, however they fall off much faster. For
example, at a photon energy of 800 a.u., the Ne ratio was about
1.95, while the Ar ratios are about 1.90, thereby indicating
that this relativistic effect grows with nuclear charge. This is
expected since, as mentioned, the high-energy dipole matrix
element is generated quite close to the nucleus. The difference

between the fully coupled branching ratios and the ones with
only coupling with the channels from the particular subshell
(intrashell coupling), also shown in Fig. 3, is much larger in
Ar. This difference is pervasive over a much larger energy
range than in Ne, thereby indicating that interchannel coupling
is more important in Ar than in Ne. It is noteworthy that
experimental results (not shown) for the 2p branching ratio
over the photon energy region from about 100 to 150 a.u.
have exhibited good agreement with the RRPA results, both
in absolute values and the decrease of the ratio with energy
[22]. This indicates the overall accuracy of the present results.

Figure 4 shows the Ar 2p and 3p branching ratios in the
vicinity of the 1s threshold, along with the results including
only intrashell coupling, and, similar to the Ne 2p case, effects
of interchannel coupling are exhibited, but are about a factor
of 2 smaller than in Ne. This occurs because the 1s orbital
in Ar is so compact that there is almost no overlap with the
higher orbital, thus making the interchannel coupling matrix
element quite small. In the vicinity of the Ar 2s threshold,
Fig. 5 , there is only a small interchannel coupling effect on the
2p branching ratio because here the 2s cross section is smaller
than the 2p cross sections and the 2s threshold is really in the
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FIG. 8. Photoionization cross section branching ratios for Kr np3/2/np1/2 and 3d5/2/3d3/2 in the vicinity of the Kr 1s threshold calculated
using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 1s photoionization channels (blue squares). The
vertical dashed lines indicate the 1s threshold.

2p threshold region. The results are rather different for the 3p
branching ratio for which the 2s threshold region is well above
the 3p thresholds. Thus, while the 2p and 3p branching ratios
are essentially the same at high energy, they are not so near
the 2s threshold owing to the 2s threshold being so close to
the 2p thresholds. It is also evident that the deviation of the
fully coupled ratios from the truncated intrashell results differ
qualitatively for this same reason.

Figure 6 depicts a closeup of the Ar 3p branching ratio at
the lower energies where the strong effects of the coupling
with the 2p photoionization channels in the vicinity of the
2p thresholds is seen. Near threshold, the situation has been
discussed earlier and good agreement with earlier calculations
is found (not shown) [4,35]; there does not appear to be
significant experimental data for the Ar 3p branching ratio,
probably due to the small splitting of about 0.177 eV between
3p3/2 and 3p1/2 [36]. There is a very significant variation in
the 3p branching ratio in the vicinity of the 2p thresholds, as
is clearly demonstrated by the qualitative differences in the
fully coupled and the truncated intrashell branching ratios in
this region. This suggests that there is significant interchannel
coupling among np channels, and that this interchannel cou-

pling is strongly affected by relativistic interactions, i.e., the
coupling is strongly j dependent.

C. Krypton

The Kr calculations include all of the photoionization
channels from 1s, 2s, 2p, 3s, 3p, 3d , 4s, and 4p subshells,
a total of 29 coupled relativistic channels. An overall view of
the 2p, 3p, 4p, and 3d branching ratios is shown in Fig. 7. For
the np states, at the highest energies of 650 a.u., the branching
ratios are about 1.8, continuing the trend seen for Ne and
Ar that the asymptotic branching ratios decrease with nuclear
charge owing to the increased relativistic effects associated
with higher Z . Also, as seen and explained in the Ar case,
the high-energy branching ratios are largely independent of
the principal quantum number n of the initial np state (note
the differing vertical scales on the various plots). Furthermore,
continuing the trend seen for Ne and Ar, the difference be-
tween the fully coupled branching ratios and the truncated
ones with only coupling with the channels from the particu-
lar subshell (intrashell coupling) is much larger in Kr. This

013102-6



PHOTOIONIZATION BRANCHING RATIOS … PHYSICAL REVIEW A 106, 013102 (2022)

FIG. 9. Photoionization cross section branching ratios for Kr np3/2/np1/2 and 3d5/2/3d3/2 in the vicinity of the Kr 2s threshold calculated
using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 2s photoionization channels (blue squares). The
vertical dashed lines indicate the 2s threshold.

difference is evidently due to the interchannel coupling with a
larger number of photoionization channels.

For the 3d branching ratio, where the statistical value is
1.5, the branching ratio at 650 a.u. is a bit above 1.4, and it
falls off much more slowly than that for the np cases, demon-
strating that the relativistic effect on the wave functions is less
important in the 3d case. This occurs because the centrifugal
barrier potential tends to keep the 3d wave functions further
away from the nucleus than the np, thereby causing the dipole
matrix elements to be generated further from the nucleus than
the np matrix elements. This, in turn, means that, in the 3d
case, the matrix elements are generated further away from the
nucleus where the difference between 3d5/2 and 3d3/2 wave
functions, in the region where the matrix element is generated,
is not so considerably smaller than for the np cases.

Figure 8 depicts the Kr 2p, 3p, 4p, and 3d branching ratios
in the neighborhood of the 1s threshold and, like the case of
Ar, interchannel coupling with the 1s channels causes only
very small changes, for reasons discussed in connection with
Ar. The changes in the np and 3d ratios are of about the same
size, so there does not appear to be an angular momentum
effect here. Figure 9 shows the same in the vicinity of the
2s thresholds and the situation is rather different from the

1s vicinity. Here the branching ratios are all increasing, as
functions of energy and, even without coupling to the 2s
channels, the ratio is increasing. This seems to be at odds with
the relativistic effect that causes the ratios to decrease with in-
creasing energy and, since the ratio is increasing even without
coupling with the 2s channels, something else must be going
on; a similar effect was seen earlier in Xe calculations [22].
It is known from earlier work that the interchannel coupling
can affect cross sections and branching ratios over a broad
range [22,23], so perhaps this phenomenology results from
coupling with other channels; we shall come back to this
point.

Figure 10 presents the branching ratios in the vicinity of
the 2p thresholds which are sufficiently split to accommodate
significant interchannel coupling activity between the thresh-
olds. This is seen in the 3p, 4p, and 3d branching ratios, and
they are qualitatively the same for np and 3d subshells, i.e.,
independent of angular momentum. Also shown in Fig. 10
are the branching ratios resulting from truncated calculations
omitting (a) the coupling with all of the 2p channels, (b) the
coupling with 2p3/2 channels, and (c) the coupling with the
2p1/2 channels. Clearly the structure in the 3p and 4p branch-
ing ratios are caused by the coupling with the 2p channels
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FIG. 10. Photoionization cross section branching ratios for Kr np3/2/np1/2 and 3d5/2/3d3/2 in the vicinity of the Kr 2p thresholds calculated
using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 2p photoionization channels (blue squares),
omitting the coupling with 2p1/2 channels (yellow triangles), and omitting the coupling with 2p3/2 channels (green inverted triangles). The
vertical dashed lines indicate the 2p thresholds.

since the result without those couplings is quite featureless in
this energy region.

Furthermore, it is evident from the truncated branching
ratios that the coupling with 2p3/2 channels is primarily
responsible for the structure in the vicinity of the 2p3/2 thresh-
old, and similarly for 2p1/2. Above the 2p1/2 thresholds, the
fully coupled branching ratios drop, then start to rise, as a
function of energy; the drop and the rise are clearly due
to the interchannel coupling with the 2p channels since the
uncoupled branching ratios are monotone decreasing in this
region. This rise in the branching ratios suggests what might
be causing the branching ratios to rise in the vicinity of the
2s thresholds, since they are not far away energetically. In
Fig. 11, the 3p, 4p, and 3d branching ratios are shown over an
extended region covering both the 2p and 2s thresholds, and
the source of the peculiar behavior around the 2s threshold is
evident; coupling with the 2p channels causes the branching
ratios to rise in the vicinity of the 2s threshold. Omitting
that coupling with all 2p and 2s channels is seen to result
in a smooth monotone decreasing branching ratio, in each

case, over the entire energy range shown. This demonstrates
that, as previously seen in other contexts [22,23], interchannel
coupling is operative over a broad range of energies and not
merely in a small region around the subshell threshold. In this
case, coupling with 2p channels is crucial in the vicinity of
the 2s threshold, even though the 2p thresholds are several
hundred eV away.

The 4p and 3d branching ratios are depicted in the vicinity
of the 3p and 3s thresholds in Fig. 12 along with the truncated
results in which coupling with the 3p and 3s channels is
omitted. As seen, the effects of the coupling are quite small
indeed, on both the 4p and 3d results. Of interest, however,
is that the 3d branching ratio is monotone decreasing for
both the fully coupled results (except for the resonance re-
gions below each threshold) and the truncated results. The
4p branching ratio is larger than the statistical value and
increasing in this region. These are essentially threshold ef-
fects at such low energies where all sorts of correlations
affect the branching ratios strongly, as seen in Fig. 7 for
Kr.
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FIG. 11. Photoionization cross section branching ratios for Kr np3/2/np1/2 and 3d5/2/3d3/2 in the vicinity of the Kr 2p and 2s thresholds
calculated using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 2p and 2s photoionization channels
(blue squares). The vertical dashed lines indicate the 2p and 2s thresholds.

FIG. 12. Photoionization cross section branching ratios for Kr 3d5/2/3d3/2 in the vicinity of the Kr 3p and 3s thresholds calculated using
RRPA with full coupling (red squares) and truncated RRPA omitting the coupling with the 3p and 3s photoionization channels (blue dots).
The vertical dashed lines indicate the 3p and 3s thresholds.
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FIG. 13. Photoionization cross section branching ratios for Xe np3/2/np1/2 and nd5/2/nd3/2 calculated using RRPA with full coupling (red
dots) and with only intrashell coupling (blue squares). The vertical dashed lines indicate the thresholds.

D. Xenon

The Xe calculations include all of the photoionization
channels from 2s, 2p, 3s, 3p, 3d , 4s, 4p, 4d , 5s, and 5p
subshells, a total of 40 coupled relativistic channels; as men-
tioned previously, the 1s threshold, being so deeply bound
(over 1200 a.u.), is essentially irrelevant at the photon energies

we consider. An overall view of the branching ratios of the
2p, 3p, 4p, 5p, 3d , and 4d is given in Fig. 13. For the np
states, at the highest energies of about 500 a.u., the branching
ratios are about 1.7, continuing the trend seen for Ne, Ar, and
Kr that the asymptotic branching ratios decrease with nuclear
charge owing to the increased relativistic effects associated
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FIG. 14. Photoionization cross section branching ratios for Xe np3/2/np1/2 and nd5/2/nd3/2 in the vicinity of the Xe 2p and 2s thresholds
calculated using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 2p and 2s photoionization channels
(blue squares). The vertical dashed lines indicate the 2p and 2s thresholds.

with higher Z . Also, as seen and explained in the Ar case,
the high-energy branching ratios are largely independent of
principal quantum number n of the initial np or nd state.
Reversing the trend seen for Ne, Ar, and Kr, the difference
between the fully coupled branching ratios and the ones with

only coupling with the channels from the particular subshell
(intrashell coupling) is slightly smaller than for Kr. This is
due to the very complicated interchannel coupling interactions
which can move the ratio in different directions, thereby par-
tially canceling out. For the nd branching ratios, where the
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FIG. 15. Photoionization cross section branching ratios for Xe np3/2/np1/2 and nd5/2/nd3/2 in the vicinity of the Xe 3p and 3s thresholds
calculated using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 3p and 3s photoionization channels
(blue squares). The vertical dashed lines indicate the 3p and 3s thresholds.

statistical value is 1.5, the branching ratios at 500 a.u. are
about 1.35, somewhat lower than the Kr case, as expected.
And, as in the Kr case, the branching ratios fall off much
more slowly that for the np cases; this demonstrates that the
relativistic effect on the wave functions is less important for
the nd cases, as explained for Kr. However, as in Kr, there are
large excursions from smooth behavior in the vicinities of the
inner-shell thresholds.

The Xe 3p, 4p, 5p, 3d , and 4d branching ratios are shown
in the vicinity of the n = 2 (2s and 2p) thresholds in Fig. 14
where the phenomenology is quite similar to the Kr branching
ratios in the n = 2 threshold region (Fig. 11) and for the same
reasons. It is notable that the structure of the branching ratios
in this region is not only the same for states of the same
initial angular momentum independent of n, but also np and
nd branching ratio structures are quite similar, and this was the
case for Kr as well. This means that the interchannel coupling,
which dominates the branching ratios in this region, affects
np and nd states in a similar manner; we have no obvious
explanation for this. It is also clear that, without the coupling
to the n = 2 photoionization channels, the branching ratios are
monotone decreasing in this region, thereby showing that the

structure must be due to the coupling. A similar plot of the Xe
4p, 5p, 3d , and 4d branching ratios in the vicinity of the n = 3
(3s and 3p) thresholds is given in Fig. 15. The phenomenology
here is qualitatively like the branching ratios in the vicinity
of the n = 2 thresholds, however the excursions from the
smooth background are seen to be smaller in magnitude. This
reduced magnitude indicates that the interchannel coupling
in the n = 3 case is less relativistic than in the n = 2 case;
and this occurs because the 3p and 3s wave functions are less
relativistic than their n = 2 counterparts because the binding
energy is much lower for the 3p and 3s states as compared to
the 2p and 2s—about 40 a.u. as compared to about 200 a.u.,
respectively.

The branching ratios for Xe 4p, 5p, and 4d in the vicin-
ity of the 3d thresholds are particularly interesting, as noted
earlier for 4d [22], and are depicted in Fig. 16. In a small
energy range in the vicinity of the 3d thresholds the (fully
coupled) np branching ratios vary significantly over a range
of about 0.2 a.u. from 1.6 to 2.3 for 4p and 1.4 to 2.1 for
5p. Without the coupling to the 3d photoionization channels,
the branching ratios are seen to be smooth and monotone de-
creasing, thereby demonstrating that the sharp variations with
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FIG. 16. Photoionization cross section branching ratios for Xe np3/2/np1/2 and 4d5/2/4d3/2 in the vicinity of the Xe 3d thresholds calculated
using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 3d photoionization channels (blue squares). The
vertical dashed lines indicate the 3d thresholds.

energy are entirely due to interchannel coupling. For the 4d
branching ratio the variations with energy are similar to the np
case, but considerably larger over the same energy range; the
4d branching is seen to vary over a range of about 2.0, from
0.6 to 2.6; again, the branching ratio with the 3d coupling is
smooth and monotone, indicating that in this case as well, it is
the interchannel coupling that is responsible for the variation.
That the variations in the branching ratio are so much larger
for 4d than for the np cases indicates that the interchannel
coupling is considerably more important in the 4d case. This
occurs in this case because the angular part of the interchannel
coupling matrix element is larger between channels of the
same angular momenta vs channels with different angular
momenta while, in the present case, the radial parts are about
the same.

To understand these huge variations, which are similar in
a general sense for Xe 4p, 5p, and 4d , we concentrate on
the details for 4d as an illustrative example. The calculated
3d and 4d cross sections are shown in Fig. 17 where it is
seen that the maxima in the 3d cross section are more than
two orders of magnitude larger than the 4d cross sections,

thus creating the conditions for significant changes to the
4d cross sections via interchannel coupling. The 3d cross
sections show sharp maxima above the thresholds, shape reso-
nances (or delayed maxima) that were discovered many years
ago [37,38]. In addition, the Xe 3d5/2 cross section exhibits
an extra small maximum at the energy of the 3d3/2 shape
resonance maximum. This was first discovered experimen-
tally [39] and subsequently explained theoretically [40,41];
this phenomenon results from what is known as spin-orbit
interaction activated interchannel coupling (SOIAIC). Briefly,
owing to the spin-orbit splitting of the 3d thresholds, the 3d3/2

delayed maximum occurs at an energy where the 3d5/2 cross
section is small, thereby transferring oscillator strength to the
much smaller 3d5/2 cross section via interchannel coupling
and resulting in the feature seen in the 3d5/2 cross section
at about 26.2 a.u. The interchannel coupling of the 3d cross
sections with the 4d channels then creates features in the
4d cross sections at the same energies as the maxima in
the 3d cross sections as seen in Fig. 16. But it is also seen
that the manifestation of the interchannel coupling in the two
4d cross sections is rather different which shows that the
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FIG. 17. Photoionization cross sections for Xe 3d (upper plot) and 4d (lower plots) in the vicinity of the Xe 3d thresholds calculated
using RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 3d photoionization channels (blue squares). The
vertical dashed lines indicate the 3d thresholds.

FIG. 18. Photoionization cross section branching ratios for Xe 4d and 5p in the vicinity of the Xe 3p and 4s thresholds calculated using
RRPA with full coupling (red dots) and truncated RRPA omitting the coupling with the 4p and 4s photoionization channels (blue squares).
The vertical dashed lines indicate the 4p and 4s thresholds.
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interchannel coupling matrix elements are strongly j depen-
dent, i.e., strongly affected by relativistic interactions. And
this strong difference in cross sections explains the Xe 4d
branching ratio is seen to exhibit huge variations over this
energy region of the 3d thresholds (Fig. 16). The explanation
of the variations in the Xe 4p and 5p branching ratios is
essentially the same as for the 4d case, although the details
differ somewhat. However, the features of 4p and 5p branch-
ing ratios occur at essentially the same photon energies as for
the 4d, as seen in Fig. 16.

The 4d and 5p branching ratios in the vicinity of the 4p
and 4s thresholds are shown in Fig. 18 where it is seen that,
except for the resonance region just below the 4p thresholds,
the effect of interchannel coupling is relatively small. Above
the 4p1/2 threshold the 4d branching ratio shows no effect
at all of the interchannel coupling, while the 5p branching
ratio shows a small effect. This is a further indication that
the interchannel coupling interaction between outer and inner
photoionization channels of the same angular momentum, 5p
and 4p, in this case, is typically stronger than the between
channels of different angular momentum, 4d and 3p in the
present case.

IV. SUMMARY AND CONCLUSIONS

A survey of the branching ratios of spin-orbit doublets of
the noble gases, Ne, Ar, Kr, and Xe, has been conducted over a
broad range of photon energies well above their thresholds. It
was found that, well above the thresholds, the overall branch-
ing ratios do not approach the nonrelativistic limit, but all
decrease with energy, as predicted theoretically many years
ago [20,21] and confirmed experimentally in a few cases
recently [22]. It has also been demonstrated that the falloff
of the branching ratio with energy increases with Z resulting
from the relativistic effects that cause the ratio of probability
densities of the ( j = l−1)/( j = l + 1) wave functions for a
spin-orbit doublet to behave as Z2/r for small r [29]. It was
found that, well above threshold, all np branching ratios fell
off faster than nd owing to the stronger centrifugal repulsion
for nd states that keeps the nd states further from the small r
region where the wave functions are more relativistic. How-
ever, at high energy, the falloff of branching ratios of all np
states was the same for a given atom, independent of n, and

the same was true for the nd states; this occurs because the
wave functions of initial states of the same l but different n
are essentially exactly the same at small r except for an over-
all normalization constant that cancels out in the branching
ratios.

As suggested earlier [22,23] it was demonstrated that the
branching ratios could be strongly affected in the vicinity
of inner-shell thresholds through correlation in the final-state
wave functions known as interchannel coupling; this showed
that the interchannel coupling was different for the two mem-
bers of a spin-orbit doublet, i.e., that the interchannel coupling
was affected by relativistic interactions. It was further shown
that the interchannel coupling matrix elements were largest
between photoionization channels of the same initial state
angular momentum. This was demonstrated most clearly in
the 4d branching ratio in the neighborhood of the 3d thresh-
olds. In addition, it should be reiterated that the results show
that interchannel coupling is the major aspect of correlation
that causes the branching ratios to deviate from single-particle
behavior.

It is of interest reiterate that the physics not included in the
present calculations, principally interchannel coupling with
photoionization-plus-excitation channels, will affect the re-
sults at just the few percent level, owing to the smallness of
the cross sections of the omitted multiple-excitation channels.
This is further borne out by the agreement of the RRPA
calculations with experiment as detailed in Ref. [22].

Finally, this work will be extended to higher Z atoms in the
future to test the various conclusions that the present work has
suggested. It will also be of interest to look at n f states to see
if the same phenomenology is revealed. Other than the work
of Ref. [22], there is no experimental work on the noble gas
branching ratios at the higher energies. We hope the present
paper will prompt new laboratory studies.
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