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Measurements of nondipole parameters in spin-orbit-resolved Xe 4d photoionization demonstrate
dynamical differences arising from relativistic effects. The experimental data do not agree with
relativistic random-phase approximation calculations of single ionization dipole and quadrupole
channels. It is suggested that the discrepancy is due to the omission of multiple-excitation quadrupole

channels, i.e., quadrupole satellite transitions.
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Over the past decade or so there has been an upsurge in
both experimental and theoretical studies of nondipole
effects in atomic and molecular photoionization [1-13]
owing to advances in experimental capabilities, notably
third-generation synchrotron light sources. These studies
have revealed significant nondipole effects not only at
multi-keV photon energies but at hundreds and even tens
of eV [1,5-13]. The nondipole effects in photoionization
show up clearly in photoelectron angular distributions
due to the dependence of the differential cross section
on interferences among the continuum waves resulting
from the absorption of photons of various multipolarities,
most commonly between dipole and quadrupole chan-
nels. A great deal is known about dipole photoionizing
transitions in atoms [14,15], while far less is known about
the corresponding quadrupole transitions. Thus, in addi-
tion to the intrinsic interest in photoelectron angular
distributions, studies of nondipole angular-distribution
effects provide information on the relatively weak ioniz-
ing quadrupole transitions, both their amplitudes and
their phases, information which is otherwise inaccessible.
Of particular interest here is quadrupole transitions in
photoionization connecting the initial discrete state of the
photoionization process to final continuum states of dif-
ferent angular momentum and parity from those con-
nected by dipole transitions, thereby facilitating study
of the quadrupole-allowed continua.

In this Letter, we report on a combined experimental/
theoretical study of the differential cross sections for Xe
photoionization from 4ds,, and 4d3,, subshells, showing
large nondipole contributions and dynamical differences
between the spin-orbit-split channels, thereby highlight-
ing the important dynamical contribution of relativistic
effects. The results exhibit large discrepancies between
theory and experiment. We suggest that these discrepan-
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cies are most likely due to the existence and importance
of quadrupole satellite channels, whose effects are en-
hanced by the collapse, or partial collapse, of the 4f
orbital in these satellites—this could be the first time
effects of multiple-electron transitions in the quadrupole
manifold have been observed.

The differential photoionization cross section, includ-
ing the lowest-order nondipole contributions which arise
owing to the interference between dipole and quadrupole
photoionization channels, is given by [2,3,16—19]

Z—gw’ @) = %{1 + BP,(cosh) + (8 + ycos?h)
X sinf cos¢}, (1)

where o is the angle-integrated cross section, (3 is the
dipole anisotropy parameter, P,(cosf) = (3cos?6 — 1)/2,
and 6 and vy are nondipole anisotropy parameters. As
depicted in Fig. 1, the coordinate axes have the positive
x axis along the direction of the photon propagation
vector, the z axis along the photon polarization vector,
and 6 and ¢ are the polar and azimuthal angles of the
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FIG. 1. Geometry applicable to photoelectron angular-

distribution measurements using polarized light.
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photoelectron momentum vector. The nondipole parame-
ters, 6 and 7y, are given by linear combinations of
(Q:/D;) cosd;; with Q; and D; the quadrupole and dipole
matrix elements, respectively, and the §;; are phase shift
differences [3,19].

Measurements over the 100-250 eV photon energy
range were made at the Advanced Light Source (ALS)
of the Lawrence Berkeley National Laboratory during
three different experimental campaigns. The experiments
were performed on undulator beam line 8.0.1.3 using a
gas-phase time-of-flight (TOF) electron-spectroscopy
system [20]. The TOF method can measure photoelectron
peaks at many kinetic energies and at multiple emission
angles simultaneously, permitting sensitive determina-
tions of electron angular distributions with minimal ex-
perimental uncertainty. Retarding voltages between
—80V (hy = 100 eV) and —190 V (hv = 250 eV) were
applied to slow the electrons in order to resolve the two
Xe 4d lines. Ne 2s, Ar 2p, and He 1s photolines were used
to calibrate the analyzer transmissions because the dipole
and nondipole contributions to their angular distributions
are now well known. The degree of linear polarization of
the synchrotron light was determined to be >99.9%. The
electron analyzers were positioned at sets of angles sen-
sitive to different combinations of the angular anisotropy
parameters B, 8, and vy, and differences in the photo-
electron intensities yielded values of the combined non-
dipole parameter ¢ =7y + 36. The experimental
geometry is most conducive to the measurement of £, so
it is { we usually study.

Calculations were carried out using relativistic
random-phase approximation (RRPA) methodology
[21,22]. RRPA includes significant aspects of ground-
state correlation, along with interchannel coupling
among all of the photoionization channels that are in-
cluded. In the present work, all relativistic single ioniza-
tion and excitation channels from the 4s, 4py,, 4p3),,

4ds), 4ds;y, 5s, 5pijp, and Spsj, subshells of Xe are
considered, a total of 20 interacting dipole and 25 inter-
acting quadrupole channels. This calculation is entirely
ab initio except experimental binding energies have been
used. This methodology has been found to give excellent
results for Xe 4d dipole photoionization [23] and Xe 5s
nondipole photoionization [13], both in the same energy
range considered herein.

The experimental results for the { parameter are shown
in Fig. 2 as a function of photoelectron energy. A notable
feature of the measurement is the 4d;,, nondipole pa-
rameter { which reaches a value of about —0.6, and the
4ds;, nondipole parameter { which reaches a value of
about —0.5, at a photoelectron energy of about 110 &V,
which corresponds to a photon energy of about 180 €V, the
region just above the 4p thresholds. In other words, in
both cases, the nondipole contribution to the photoelec-
tron differential cross section is of the same order of
magnitude as the purely dipole contribution characterized
by the parameter 8 in Eq. (1). To get a better idea of the
importance of the nondipole effects, using Eq. (1) for a
value of # of 54.7° (the “‘magic angle”), the backward
(¢ = 180°) flux exceeds the forward (¢ = 0°) by about
40%; without the nondipole contribution to the differen-
tial cross section, this difference vanishes, emphasizing
the importance of nondipole effects even at such low
energies. Furthermore, a measurable difference is seen
between the { parameters for 4d;,, and 4ds/, channels,
which are plotted vs photoelectron energy to obviate any
differences arising from the differing threshold energies
of the two channels. This demonstrates dynamical differ-
ences between the 4d5/, and 4ds,, channels, i.e., differ-
ences in radial wave functions, indicating relativistic
effects must be included for correct dynamics. So far as
we know, this is the first experimental determination of
such dynamical fine structure differences in nondipole
photoionization arising from relativistic effects. Finally,

FIG. 2. Experimental and theoretical nondi-
— pole photoelectron angular-distribution pa-
rameter { for Xe 4ds;, and 4ds/, subshells.
N The designations in parentheses indicate the
subshells that were taken into account in the
n respective calculation.
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the large values of the nondipole parameter persist for
nearly 100 eV above the 4p thresholds.

Also shown in Fig. 2 are the results of our RRPA
calculations. Below a photoelectron energy of about
80 eV, the theoretical result is in excellent agreement
with experiment. At higher energies, from about 80 to
180 eV, starting around the 4p ionization thresholds,
agreement is poor; the experiment shows a broad region
in which the nondipole parameter { takes on large nega-
tive values, then slowly increases with increasing energy.
The theoretical result, on the other hand, shows signifi-
cant differences in the behaviors of the 4d;,, and 4ds/,
channels only in the immediate neighborhood of the 4p
thresholds, followed by a rapid rise to small positive
values of { and a slightly decreasing plateau region.
This disagreement is quite surprising in view of the ex-
cellent agreement found for the nondipole parameter in
the case of Xe 5s photoionization in the same energy
region with the same theoretical formulation [13]. We
note that the next order corrections, including the octu-
pole channels, have been calculated and found to be
negligible.

The significant values of the nondipole parameter re-
sult partially from the fact that major dipole transitions,
4d — €f, have Cooper minima in this region, so the
dipole amplitudes are anomalously small over a signifi-
cant energy range, starting at about 100 eV in photoelec-
tron energy. Because the dipole amplitudes appear in the
denominator of the expressions for £, &, and vy, these
minima cause the nondipole parameters to be anoma-
lously large. A similar effect is seen in Xe 5s photo-
ionization [13,24], but the energy range over which
significant nondipole effects are exhibited is dramatically
larger for Xe 4d; ~100 eV for 4d, as opposed to about
30 eV in the 5s case.

The theoretical structures in ¢ are signatures of
interchannel-coupling (configuration interaction in the
continuum) with the 4p — €f shape resonances in the
quadrupole manifold [10]. This was demonstrated in Xe
Ss and is quite evident in the theoretical curves shown in
Fig. 2. The experimental structures are at higher energy,
however, and the overall theoretical curves are qualita-
tively different; this indicates something of importance is
omitted from theory.

Previous work has shown RRPA does an excellent job
on the integrated cross section [25], the T4ds)," O ddy
branching ratio [25] and the dipole photoelectron
angular-distribution asymmetry parameter [, even to
the extent of beautifully reproducing the experimental
results for 4d3/, and 4ds;, individually over the same
broad energy range considered here [23]. These agree-
ments show conclusively that the 4d dipole photoioniza-
tion channels are handled very well by RRPA. Thus, the
difficulty must be in the quadrupole channels.

But, in the quadrupole manifold, all relevant single
ionization channels are included, along with the inter-
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channel coupling among them. Therefore, we argue that
omission of multiple-excitation channels within the quad-
rupole manifold, i.e., quadrupole satellite transitions, are
the principal reason for the experimental-theoretical dis-
crepancy seen in Fig. 2.

It is known the 4p°4d'°5525p® 2P states of Xe® are
very strongly mixed with 4p®44d84£5s25p® 2P states due
to the partial collapse of the 4f orbital [26], ie., 4p
ionization is strongly mixed with ionization plus excita-
tion from 4d. In the energy region of interest, the 4p —
€f shape resonances are the dominant transitions in the
quadrupole manifold and interchannel coupling with
these 4p ionization channels is crucial to a correct de-
scription of the 4d quadrupole ionization channels. In
particular, the 4d satellites from transitions to the
4po4dd4£5s*5pCef 1D states, which contain the resonant
4d — ef ionizations, must be included for a correct de-
scription of 4d quadrupole ionization. In other words,
analysis of the experimental and theoretical results leads
us to argue for the importance of interchannel coupling
with satellite transitions within the quadrupole manifold.

But why should the 4d®4fef channels be impor-
tant for quadrupole photoionization but not nearly as
important in the dipole manifold? Because, in the quad-
rupole manifold, the single excitation channels to the
4d°el (€ = s, d, g) states are nonresonant, while the ex-
citation plus ionization channels to the 4d%4fef states
contain the resonant 4d — €f transitions, giving the lat-
ter satellite channels extra clout within the quadrupole
manifold. In the dipole manifold, just the reverse is true
and the single excitation 4d°€ef shape resonance domi-
nates. Furthermore, using multiconfiguration Dirac-Fock
(MCDF) theory [27], we have found the 4d%4f channels
are spread out over a range of more than 10 eV. In
addition, the quadrupole cross section of the satellite,
which arises from the 4d — €f shape resonance, should
be fairly broad. Thus, the spread of the 4d%4f thresholds,
combined with the broadness of the €f resonant cross
sections, means interchannel coupling with the main 44°
quadrupole channels should be significant over a large
energy range, and may explain why the structures ob-
served in the 4d nondipole parameters are so wide.

It must also be explained why this same effect is not
seen in Xe 5s photoionization [13,24], where RRPA
provides quite an accurate description of the nondipole
effects. The answer lies in the strength of the interaction
matrix element coupling the quadrupole satellite final

continuum states, 4p®4d84f5s?5p°ef ' D, with the main
transition to 4p®4d'°5s5p°€’d 'D, in the case of 5s
ionization, and 4p®4d°5s>5p%€'d 'D for 4d ionization.
Fundamentally, the interchannel-coupling matrix ele-
ment of the satellite with the main 4d transition is

(4de'd\ri,|Afef), 2)
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which should be fairly large because the 4f orbital in the
4d%4fef satellite channels is most likely partially col-
lapsed according to [26] and should overlap strongly with
the 4d core orbital. On the other hand, the interchannel-
coupling matrix element between the satellites and the
main 5s transition is

@d?€ed|ritlafSsef), 3)

which vanishes in lowest order. Thus, the coupling of the
Ss transitions to the satellites must be of higher order,
therefore weak, and so the Xe 5s quadrupole transitions
are not significantly affected by the 4d satellites.

In conclusion then, the first measurement of individual
nondipole parameters for a spin-orbit doublet has been
performed, and dynamical effects of the spin-orbit inter-
action are seen. Significant nondipole effects are found at
relatively low energy as a result of Cooper minima in
dipole channels and interchannel-coupling in quadrupole
channels. Most importantly, sharp disagreement between
experiment and theory, when otherwise excellent agree-
ment was expected, may provide the first evidence of
satellite two-electron quadrupole photoionizing transi-
tions. Even if that is not the case, something significant
must be responsible for the discrepancy. Our results point
to the need of a theoretical method which simultaneously
treats discrete-state correlation in initial and final-ionic
states, interchannel-coupling among the various ioniza-
tion channels, relativistic interactions, multipole transi-
tions, inner shell processes, and quite possibly, 4 f orbital
collapse; all of which are required for a quantitative
understanding of the Xe 4d nondipole parameters in
this energy region.
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