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Interchannel interaction versus relativistic effects: Xe 5p photoionization revisited
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Xenon 5p subshell photoionization has been studied in the vicinity of the Xe 4d shape resonance by angle
and spin resolved photoelectron spectroscopy. Dipole matrix elements and relative phase shifts derived from
these experimental data are compared with calculations with regard to the strength of interchannel and rela-
tivistic interactions. The comparison shows strong influence of interchannel interactions on the transition-
matrix elements, particularly on the phase shift in the vicinity of the 4d shape resonance, but gives little
evidence for relativistic interactions of comparable strength.
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One of the most intriguing problems in atomic photoio
ization is how to represent the approximation of this fund
mental process with a reasonable accuracy. There are
types of interactions where this question has to be raised~1!
the multipolarity of the interaction operator;~2! the extent to
which interchannel and~3! relativistic interactions have to b
taken into account. Ideally, one would like to be as rigoro
as possible, but experiments do not generally provide eno
information on the photoionization process to justify such
rigorous treatment. This means in a quantum-mechan
sense, that the number of independent transition-matrix
ments is too high, as in practice there is no set of comp
mentary experimental information available from whi
these matrix elements can be derived semi-empirically. T
statement does not say anything about the principal existe
of such a complete set of experimental data, it rather co
ments on the practical availability of such data sets. Thi
the reason why, in most photoionization studies, the first
proximation made is the dipole approximation. This has b
considered a good approximation roughly up to 1000 eV
photon energy. More recent studies have shown that no
pole effects may play a significant role at low kinetic en
gies under certain circumstances@1,2#. Being aware of this, it
is still reasonable to apply the dipole approximation, beca
the impact of the different multipoles may be separated, b
experimentally and theoretically, if the appropriate detect
geometry is used. Since at present there are only very
theoretical treatments@3,4# available that would provide a
quantum-mechanically complete description including n
dipole effects, the first step to analyze the photoionizat
dynamics over large energy ranges is still the dipole appr
mation.

In this approximation there are two independent inter
tions, which play an important role in atomic photoioniz
tion: interchannel and relativistic interactions. Their effect
the description of photoionization is different. Interchann
interaction sometimes causes dramatic changes in the si
the photoionization parameters, however, it does not req
a larger number of photoionization parameters. All chan
resulting from this interaction are contained within the ch
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sen set of parameters. In contrast, relativistic interacti
force a different formulation of the process in terms of mo
independent parameters than used in a nonrelativistic
scription. This is due to the spin-orbit interaction, whic
causes relativistic effects in atomic photoionization. This
teraction gives rise to a splitting of the subshell photoel
tron lines intoj-dependent components that must be trea
independently. The number of independent photoionizat
parameters in a relativistic formulation is, even in the case
most closed-shell atoms, more than three times that used
nonrelativistic formulation. Early studies of this proble
concentrated on the xenon 5s and 5p subshell photoioniza-
tion. In case of the Xe 5s subshell, the situation concernin
the importance of relativistic effects was particularly easy
analyze because of the emission of either one partial w
(ep) in the nonrelativistic case or two partial wave
(ep1/2,ep3/2) in the relativistic case. The relativistic descrip
tion requires in its simplest case a pronounced deviation
the angular-distribution-anisotropy parameterb from its
nonrelativistic fixed value of 2 in the presence of a Coop
minimum. This prediction, its first experimental verificatio
later revision and the difficult way to the final settlement
this issue caused a longstanding interest on the interplay
tween interchannel coupling and relativistic interactions@5#.
The exploraton of this problem for subshells withl .0 is
even more complex and here the Xe 5p subshell becomes a
show case example because it is subject to pronounced i
channel interactions, particularly with the predominantd
subshell, with large spin-orbit splitting, pointing to stron
relativistic interactions. For a long time, only two photoio
ization parameters were accessible to experimental verifi
tion: the partial cross sections and the electron-angular
distribution-asymmetry parameterb. These two parameter
generally do not provide enough information for a comple
photoionization experiment, even in a nonrelativistic descr
tion. Nevertheless, a sensitive comparison between sele
experimental and theoretical data provided first insight i
the relevance of both interchannel and relativistic interact
already at a very early stage of photoionization studies@6,7#
The conclusion of these studies was that both relativistic
©2001 The American Physical Society01-1
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interchannel effects are relevant, however, quantifying th
effects was difficult on the basis of the available data. O
recent studies@8# suggested that in resonant photoemiss
both interactions are of the same magnitude.

More highly differentiated measurements, such as
spin-sensitive detection of the photoelectron opened the d
to a really complete photoionization experiment@9,10#. Here,
xenon subshell photoionization served as a benchmark
periment @11#. A critical reanalysis of these data and the
interpretation was, however, surprising: The set of indep
dent photoionization measurements was not really indep
dent @12#. Within a certain range of values of the measu
ments they appeared to depend on each other makin
impossible to derive the number of parameters necessary
relativistic formulation. Fortunately, the reanalysis reveale
negligible relativistic phase shift as being consistent with
reduced parameter model. This situation encouraged
spin-sensitive photoelectron measurements over an exte
energy range, in particular, covering the region of strong
terchannel interaction between the xenon 5p and 4d sub-
shells. Such measurements could reveal the relative im
tance of relativistic vs interchannel interactions.

The corresponding experiments were performed at
synchrotron radiation facilities Hasylab at DESY~Hamburg!
and BESSY~Berlin! using the undulator beam lines BW
and U1/U2, respectively. The delivered photons were e
ployed to ionize an effusive beam of xenon atoms. Two
the beamlines were constructed to produce highly linea
polarized radiation, while the third delivered circularly pola
ized light for a limited range of photon energies. For high
energies, a multilayer acting as a quarter-wave plate
used to convert linearly polarized light into circularly pola
ized light @13#. For all photon energies, we could thus det
mine both kinds of spin polarization of the electron
Ptrans—the transferred polarization from circularly polarize
light to the emitted electron, andPdyn—the so-called dy-
namical polarization being connected with an excitation
linearly polarized light@14#. In fact, both kinds of spin po-
larization have dynamical as well as transferred aspects
cerning the mechanism of spin polarization via spin-or
coupling, however, in case of circularly polarized light t
direct polarization transfer is the dominating part whereas
linearly polarized light the magnitude of the produced alig
ment, another dynamical component of photoionizati
plays an equally important role. The electron spin polari
tion was measured using a spherical Mott polarimeter
combination with a time-of-flight electron spectrometer. Th
experimental arragement has been used recently for the
polarization measurements of photoelectrons and Auger e
trons emitted during Xe 3d and 4d photoionization@15–17#.
Details of this setup are given in these references. Here
concentrate only on the results and their discussion.

Figure 1 shows the results of all the experiments in
overview together with the older cross section and
angular-distribution data compared with relativistic and no
relativistic theoretical calculations. Due to the limited ran
of photon energies for circularly polarized light, there a
less data points shown for the transferred spin polariza
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than for the dynamical spin polarization. For completen
we also show the low-energy data points of Heckenkampet
al. @11#.

The strong modulation of both types of spin polarizati
predicted by theory is well corroborated by our measu
ments. As we will show later, the driving force behind th
oscillatory behavior is the phase shift between the«s and«d
partial waves. Here, we will first concentrate on the diffe
ence between the relativistic and the nonrelativistic theor
cal predictions in the context of the new experimental
sults. In order to make the two sets of theoretical curv
comparable, we had to perform nonrelativistic calculatio
within the random-phase-approximation with exchan
~RPAE! @25#. These calculations made it not only possible
show improved curves for the transferred and dynamical s
polarization, but also to extract the corresponding dipole m
trix elements with relative phase shifts in order to visual
the dynamical behavior of the interchannel interaction. Co
paring the relativistic random-phase approximation~RRPA!
with the nonrelativistic~RPAE! results shows at a glance th
the differences are negligible near threshold where
former measurements were taken@26#, and gain some mea
surable size only in the wings of the minimum around 50
or following maximum. This is due to the fact that the pos
tions of these extremes are measurably affected by the
tivistic interactions. Unfortunately, there are not too ma
experimental points in this energy interval, and their err
are still relatively large. Nevertheless, there are three d
points that distinguish between the two kinds of calculatio
the 5p1/2 transferred polarization at 43 eV and the corr
sponding dynamical polarization at 53 eV and 140 eV. T
first two data points favor the nonrelativistic, while the la
favors the relativistic calculation, although this agreemen
counterbalanced by the following data point at 150 eV. Ta

FIG. 1. Parameter of Xe 5p photoionization:~a! cross section
s: (d) @18#; ~b! anisotropy parameterb: (1) @19#, (h) @7#, ~half
filled h) @20#, (s) @21#; ~c! transferred and~d! dynamical spin
polarization~see@16#!: (s) @11,22#, (5p1/2:j, 5p3/2:*)—present
measurements.~The region between 65 eV and 70 eV is effected
autoionizing resonances.! The dashed lines are relativistic RRP
@23#. The solid lines represent the nonrelativistic RPAE calculat
and the dotted lines the nonrelativistic HF calculation~both using
@24#!.
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ing this together, there is a slight preference for the nonr
tivistic calculation. One has, however, to keep in mind th
there is a marginal difference between the two approache
the whole energy region investigated pointing to small re
tivistic interactions.

This weak impact of the relativistic interactions makes
possible to describe the photoionization dynamics of the
non 5p subshell photoionization approximately in terms o
nonrelativistic three-parameter model. The only extension
this model is concerned with the spin-orbit branching ratio
the 5p3/2 and 5p1/2 components, which is sensitive to th
coupling properties of the ionic core rather than the c
tinuum electron. The effect of the spin-orbit branching rat
however, can in practice be included as a correction in
LS-based three-parameter model and so does not sig
cantly affect the complexity of the calculation, similarly
4d5/2 and 4d3/2 spin-orbit components in the Xe 4d photo-
ionization @16#.

Following the theoretical arguments that th
LS-coupling-based three-parameter model is a good appr
mation for the Xe 5p subshell photoionization, we are ab
to derive theRs and Rd dipole matrix elements along with
the relative phase shift between the corresponding pa
waves of the emitted photoelectron from the experimen
data. Thus, semi-expirically determined matrix elements@27#
and phase shifts may be compared with calculated ma
elements and phases, with or without electron correlat
using either the Hartree-Fock~HF! method or the RPAE.
Figure 2 shows the ratio of the two radial matrix elmentsg
5Rd /Rs and the relative phaseD between them for both cal
culations in a two and three dimensional representation. T
representation shows the whole dynamical evolution of
Xe 5p photoionization process within a particular mod
exhibiting the differences between the RPAE and HF mo
very clearly. The HF curve is characterized by making o
turn in the complex plane from threshold to the asympto
limit, thereby crossing the zero point of this plane at t
Cooper minimum position. In contrast to this relative
simple behavior, RPAE also accounts for interchannel in
actions that transforms this evolution curve into a spiral w
several turns and more importantly no zero crossing at
energy position of the Cooper minimum. This behavior h
consequences for the description of the photoionization p
cess in terms of the usual representation of matrix elem
and phases as shown in Fig. 3. Figure 3~a! shows the relative
phase shift and Fig. 3~b! displays the radial parts of the tw
dipole matrix elements. The agreement between the se
empirically derived data and the RPAE calculation is exc
lent and illustrates the validity of the chosen model for t
description of the Xe 5p photoionization. The interchanne
interaction between the 4d and 5p subshells acts basicall
on the«d partial wave, shifting the zero crossing~the Coo-
per minimum! to lower photon energies and leading to t
pronounced maximum in theRl

2-related 5p partial cross sec-
tion. Note that according to Fig. 2 the RPAE results do
show a zero crossing but instead a phase jump ofp,
smoothed due to the interaction between the two channel
order to adjust the asymptotic behavior of the RPAE cal
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In
-

lation to the HF results we have removed the phase jump
changing the sign in the corresponding matrix elements.

More interesting than this effect is the behavior of t
relative phase shift, which would drop quickly from thres
old then maintain a slow decrease with photon energy
interchannel interactions were not present. The HF ph
shift exactly represents this behavior. In contrast, the m
sured phase shift starts to drop more steeply at the 4d thresh-
old reaching a minimum of'2p lower phase shift value 40
eV above the 4d shape resonance maximum before return

FIG. 2. Ratiog of the two radial matrix elementsRd andRs and
their relative phase shiftD obtained by either the HF (n) or RPAE
(s) method. The corresponding curves over kinetic energy
shown~a! in a three-dimesional representation in cylindrical coo
dinates and~b! in form of a projection onto the bottom plane wit
an enlargement of the region around zero.
1-3
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to the HF value.
This dramatic phase change is the result of the str

interaction between the two partial waves in the vicinity
the 4d shape resonance, driving the two partial waves s
tially further apart than in the noninteracting case. This i
very direct consequence of the physical process that ca
the strong interchannel interaction, namely, the fact that
4d subshell becomes highly polarized when losing one e
tron. The resulting field distortion around the 4d shell is not
only sufficient to drive the emission of electrons from thes
and 5p subshells but also to distort the internal coheren
properties of the correspondingl-dependent partial photo
electron waves. This phase-shift variation quantitatively
scribes the observed strong oscillations in all phase-shift
pendent photoionization quantities such as angu
distribution and spin polarization in Fig. 1.

FIG. 3. Phase shifts~a! and matrix elements~b! of Xe 5p photo-
ionization: (s) former data from Refs. @11,12,22#,
(5p1/2:j,h;5p3/2:*, L)—present results.h andL represent fur-
ther solutions from a sign change ofRd and a phase shift byp. The
solid line is the result of the present RPAE calculation, whereas
dotted line represents the HF calculation~both using@24#!. The
discontinuity in the RPAE curves is due to the chosen represe
tion ~see text!.
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One may consider this behavior as the effect of a c
tinuum resonance on another continuum channel. Since t
is a resonant character involved in this present example
might expect to see a stronger influence of relativistic int
actions similar to those observed for certain discrete re
nances in the continuum of an open photoionization chan
@8,28#. But this is obviously not the case. The reason for
unexpected simpler behavior is the continuum characte
the 4d shape or giant resonance, which is built upon t
LS-coupled«s, «d continuum waves of the emitted 4d pho-
toelectron where the core hole is considered to be couple
the j j -coupling scheme but the ejected electron couples
spin and angular momentum to this state following theLS
coupling rules. Thej of the final ionic state couples with th
angular momentuml of the photoelectron first to an angula
momentumk before the spin of the photoelectron is furth
coupled to the angular momentum of the complete io
electron system. Because the validity of thisjk-coupling
scheme increaes with increasing principal quantum numbn
@29#, it is reasonable to assume that thejk-coupling scheme
is also valid above threshold to a certain extent. This is
marked contrast to the findings for resonant photoionizat
where the excitation of certain resonances with distinctj val-
ues undermines the validity of this scheme due toj-selective
autoionization. This assumption makes the approxim
treatment of nonresonant photoionization feasible with
spect to a complete description, even in cases where
number and experimental uncertainty of available indep
dent measurements is not sufficient for a rigorous relativi
treatment@30#.

In summary, new measurements and calculations of
transferred and dynamical spin polarization of the Xep
photoelectrons in the vicinity of the 4d shape resonance re
vealed strong interchannel interactions with particular eff
on the relative phase shift between the two outgoing par
photoelectron waves. There is, however, little evidence
the presence of strong relativistic effects in the continuu
This unbalanced weighting of two in resonant photoioniz
tion equally strong interactions is explained by the appro
mateLS coupling of the 4d photoelectron to the ionic core
still in the presence of a shape resonance.

N.A.C. acknowledges financial support from the Frit
Haber-Institut der MPG, Berlin, granted to him during th
work on this paper.
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Agåker, D. Ding, S. Stranges, R. Richter, and M. Alagia, Ph
Rev. Lett.85, 1202~2000!.
1-5


