
PHYSICAL REVIEW A, VOLUME 63, 032712
Study of xenon 4d, 5p, and 5s photoionization in the shape-resonance region
using spin-resolved electron spectroscopy

G. Snell,1,2,* U. Hergenhahn,2 N. Müller,1 M. Drescher,1 J. Viefhaus,2 U. Becker,2 and U. Heinzmann1
1Universität Bielefeld, 33501 Bielefeld, Germany

2Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany
~Received 31 August 2000; published 13 February 2001!

Photoionization of Xe atoms is investigated close to the maximum of the 4d shape resonance by means of
spin-resolved photoelectron spectroscopy. Using circularly and linearly polarized synchrotron radiation of
93.8-eV energy, we investigate the photoionization processes of the 5p, 5s, and 4d shells. By combination of
earlier data for the partial and differential cross sections with our measurements, we are able to perform a
complete characterization of the Xe 4d photoionization process, i.e., we can determine all the relativistic dipole
matrix elements. Comparison with different theoretical calculations shows the importance of relaxation effects
at this photon energy.
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I. INTRODUCTION

The 4d photoionization process of xenon has been
showcase subject of inner-shell ionization for more th
three decades, and a benchmark experiment for theore
models. This is because the photoionization of this subs
exhibits strong electron correlation effects@1# in addition to
pronounced single-particle phenomena@2# such as shape
resonances and Cooper minima@3,4#, which makes it diffi-
cult to distinguish between different origins for a certain b
havior of the partial cross section, as well as other quanti
amenable to photoionization studies. Despite the large n
ber of partial cross-section and angular distribution stud
@5#, only a very few experiments were able to derive info
mation beyond these quantities in order to give a comp
description of Xe 4d photoionization in terms of the dipol
matrix elements@6–9#.

A complete characterization of a photoionization proc
means that all quantities which describe the photon-atom
teraction quantum mechanically are determined. This no
is obviously model dependent. Experiments on vale
shells were performed using gas discharge lamps and
chrotron radiation up to a photon energy of approximately
eV @10#. The first ‘‘complete experiment’’ on an inner she
described Mg 2p photoionization within theLS-coupling ap-
proximation with three experimental parameters@11#. For
inner-shell processes, it seems more appropriate to start
a relativistic description of the process, that is, photoioni
tion amplitudes are characterized by quantum numbersl and
j of the outgoing electron, andJi and Jf of the initial and
final ionic states. Within the relativistic model the Xe 4d
inner-shell photoionization process was characterized by¨-
mmerling and co-workers@6,7# and Schaphorstet al. @8# us-
ing electron-electron coincidence spectroscopy. As an a
native approach, in the present paper we describe a det
investigation of Xe 4d photoionization in the framework of a

*Present address: Lawrence Berkeley National Laboratory, U
versity of California, Berkeley, CA 94720.
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relativistic model, by means of spin- and angle-resolv
electron spectroscopy.

In this work, we report on spin polarization measureme
of Xe 5s, 5p, and 4d photoelectrons using circularly an
linearly polarized synchrotron radiation of 93.8-eV energ
By critically analyzing the process of data extraction fro
our measured quantities and values obtained from the lit
ture, we are able to uniquely determine relativistic dipo
matrix element amplitudes and phase differences toge
with a calibration for the polarization sensitivitySeff and the
instrumental asymmetry of our electron polarimeter. Sin
this process of data analysis is crucial to our results, it will
described in some detail. Results will be compared with t
oretical work using several variants of the random-pha
approximation ~RPA! theory, and explicit forms for all
photoionization observables considered in this work in ter
of dipole amplitudes and phase differences are given in
Appendix.

A common feature among all experiments~including the
present one! which gives a complete description of an inne
shell photoionization process is that, in addition to measu
ments on the photoelectron, information about the photo
is used. The polarization of the photoion is obtained fro
angular distribution and spin polarization measurements
Auger electrons, which are emitted during the decay of
inner-shell hole. This is in accordance with a recent find
by Schmidtkeet al. @12#, that a complete set of relativisti
dipole matrix elements cannot be obtained solely from
properties of the photoelectron.

Highly differential measurements, which are needed fo
complete characterization of a photoionization process,
technically difficult to perform on atomic inner shells fo
several reasons. In general, photoionization cross sect
decrease with increasing photon energy@5#. The measure-
ment of the spin polarization of electrons utilizing Mot
scattering results in a decrease of the electron intensity
2–3 orders of magnitude@13#. Coincidence techniques ar
also technically demanding, and often result in low cou
trates. Furthermore, circularly polarized radiation has to
used, otherwise two of the three components of the pho
i-
©2001 The American Physical Society12-1
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electron spin polarization vector are zero~cf. Sec. III!.
These facts made spin-resolved electron spectroscop

inner shells of free atoms practically impossible until r
cently. The development of new sources for high intens
circularly polarized synchrotron radiation, such as the hel
undulator of the European Synchrotron Radiation Faci
~ESRF! storage ring@14,15#, in combination with a very ef-
ficient spectrometer system@16#, allowed one to overcome
the problem of low electron intensity. We performed sp
polarization measurements of Xe 3d photoelectrons and Xe
MNN Auger electrons at a 834.5-eV photon energy at
ESRF@17#. Since no source with suitable polarization cha
acteristics was available to us in the extended x-ray ultra
let energy range, we used a transmission multilayer actin
a quarterwave plate@18,19# to convert linearly polarized un
dulator radiation into circularly polarized light. We cou
achieve a high degree of circular polarization with a reas
able light intensity. The same experimental setup as in
present paper, including the transmission multilayer, was
cently used for a spin-resolved study of XeN4,5O2,3O2,3 Au-
ger electrons@20#.

II. EXPERIMENT

Figure 1 shows the experimental setup. We used the
dulator beamlines U1-TGM5 of the BESSY I storage ri
~Berlin! and BW3-SX700 of the Hasylab storage ring~Ham-
burg! as sources of monochromatized synchrotron radiat
Both beamlines provide a high photon flux of approximat
531012 photons per second per 100 mA ring current~open
exit slits, BW3: E/DE'830; U1: E/DE'300) @21–24#,
with a high degree of linear polarization@BW3: Plin
50.99(1); U1: Plin50.97(2)#. For measurements utilizing
circularly polarized radiation, a Mo/Si transmissio
multilayer ~50 bilayers,d59 nm, working range 9365 eV)
was used to convert the incoming linearly polarized lig
The photon flux of the circularly polarized radiation w
determined to be approximately 1011photons/(s 100 mA) in
the interaction region. The helicity of the outgoing beam w
changed by rotating the multilayer around the light ax
whereas a variation of the grazing angle was used to tune
multilayer to the desired photon energy.

The light polarization state behind the multilayer w
monitored by a Rabinovitch-type linear polarization analy

FIG. 1. Experimental setup.
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@25# consisting of a gold mirror and a Si photodiode. Th
polarimeter itself cannot distinguish between unpolariz
and circularly polarized radiation. However, by successiv
rotating the multilayer and the polarimeter around the lig
axis, the polarization of the incoming light~i.e., before the
multilayer! and the optical properties of the multilayer an
the polarimeter could be determined@26,27#. The almost
completely linearly polarized undulator beams, in conjun
tion with a 90° phase shift of the multilayer, resulted in
high degree of circular polarization@BW3: Pcirc50.99(1);
U1: Pcirc50.97(2)#.

The energy and polarization analysis of the outgoing el
trons was performed by a time-of-flight~TOF! spectrometer
combined with a spherical Mott polarimeter of the Rice ty
@28#, operated at 45 kV. Due to the substantial loss of sig
intensity during Mott scattering, our experiment benefit
considerably from the TOF technique’s inherent capability
simultaneous acquisition—and in this case additional s
polarization analysis—of all lines in a spectrum. Since
TOF electron spectroscopy a pulsed light source with app
priate timing is essential, the five-bunch mode of the Hasy
storage ring (Dt5192 ns) and the single-bunch mode of t
BESSY storage ring (Dt5208 ns) were used. The angula
acceptance of the spectrometer was approximately63°. To
increase the energy resolution, different retarding potent
were applied to the spectrometer drift tube~e.g., U ret5
270.0 V for the 5p lines!. The Xe background pressure i
the vacuum chamber was approximately 1024 mbar during
measurements.

The component of electron spin perpendicular to the s
tering plane is given by the backscattered intensitiesI 1 and
I 2 counted in the multichannel plate detectors MCP1 a
MCP2 of the Mott polarimeter:

P5
A

Seff
with A5

I 12I 2

I 11I 2
, ~1!

whereA is the backscattering asymmetry andSeff ~the Sher-
man function! the polarization sensitivity of the polarimete
By measuring the spin polarization of the Xe 5p1/2 photoline
with linearly and circularly polarized light~cf. Sec. IV B!,
the polarization sensitivity was determined to beSeff5
20.20(3).

Instrumental asymmetries of the Mott polarimeter, whi
can arise, for example, through different detection efficie
cies of the MCP’s, can be easily eliminated if the sign of t
measured spin polarization can be reversed. For this rea
successive measurements with positive and negative ligh
licities were carried out, changing the polarization appro
mately every 20 min. From the four intensitiesI 1

1 , I 1
2 , I 2

1 ,
and I 2

2 obtained this way, the electron spin polarization w
determined by

P5
1

Seff

AI 1
1I 2

22AI 1
2I 2

1

AI 1
1I 2

21AI 1
2I 2

1
. ~2!

For measurements with linearly polarized light, several ot
methods had to be used to eliminate instrumental asym
2-2
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FIG. 2. Xe 4d and 5p photolines after ionization by circularly polarized 93.8 eV photons.~Top panels! Intensity spectra with fitted Voigt
(4d) and Gaussian (5p) profiles.~Bottom panels! s, measured spin polarizationPtransf across the spectra evaluated for each 25-meV (4d)
and 50-meV (5p) kinetic-energy interval of the intensity spectrum;d, spin polarization of the individual lines evaluated from the areas
the fitted profiles. The vertical error bars include both the statistical and systematic uncertainties. The horizontal bars indicate th
linewidths emerging from the fit.
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tries, because then the sign of the electron spin polariza
cannot be changed easily. In some cases the instrum
asymmetry was derived from measurements with circula
polarized radiation, which were performed directly before
after the measurements with linearly polarized light. In a
other approach unpolarized photolines, such as He 1s and Xe
5s, were used for calibration~cf. Sec. IV A!. As a third
method we used the fact that when the spin-orbit splitting
the ionic core is neglected the spin polarization of the ‘‘u
resolved’’ photoline~e.g., 5p) vanishes. The last two meth
ods could be used without additional measurements, bec
in a TOF electron spectrum all lines are present at the s
time. For all data presented in this paper at least two of
aforementioned techniques were used to eliminate the ins
mental asymmetries for a given line. The results alwa
agreed very well. The possibility to determine the polariz
tion sensitivity and the instrumental asymmetry from t
same measurement or measurements very similar to the
tual measurement is another distinct advantage of the T
Mott spectrometer system, which greatly increased the a
racy and reliability of the results.

During a measurement with our spectrometer,I 1 and I 2
correspond to two time-of-flight electron spectra which a
accumulated simultaneously, one in each multichannel p
detector MCP1 and MCP2 of the Mott polarimeter~Fig. 1!.
Subsequent measurements with positive and negative
helicities yield four electron spectra of the same subject:I 1

1 ,
I 1

2 , I 2
1 , andI 2

2 . The sum of these four spectra, which co
responds to a non-spin-resolved electron spectrum, is
03271
n
tal
y
r
-

n
-

se
e

e
u-
s
-

ac-
F-
u-

e
te

ht

is-

played in the top panels of Fig. 2 for the 5p and 4d photo-
lines. Inserting time-of-flight electron spectra into Eq.~1! or
~2!, for measurements with linearly or circularly polarize
radiation, respectively, the spin polarization of every chan
of the spectrum~i.e., of all lines and structures! can be ob-
tained. After conversion of the spectra from time of flig
~ns! to kinetic energy~eV!, this corresponds to a spin pola
ization for certain kinetic-energy intervals. The results of th
‘‘channel-oriented’’ analysis of the 4d and 5p photolines are
plotted in the lower panels of Fig. 2 as open circles.

In order to obtain the spin polarization of the differe
lines in the spectrum, their intensities have to be determin
This was done in most cases by fitting the spectra w
Gaussian or Voigt profiles. Equivalent fit curves of the no
spin-resolved spectra are included in the top panels of Fig
For several measurements the peak areas were determ
simply by adding up all the counted events within a li
while subtracting a constant background which origina
from the dark counts of the detectors. In the lower panels
Fig. 2 the spin polarization results, obtained by circula
polarized radiation, of this line-oriented analysis are sho
as closed circles. Comparing the two methods of analysis
find good agreement for all lines. The error bars of the s
polarization values presented in Fig. 2 and Tables II, III, a
V include both the statistical and systematical uncertaint
The angular distribution measurements presented in this
per were performed at the Hasylab storage ring running
double-bunch mode, using a rotatable vacuum cham
equipped with two 45-cm-long TOF spectrometers@5#.
2-3
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TABLE I. Components of the electron spin polarization in the coordinate system of the electro
arbitrarily polarized radiation for different emission geometries. The measurements in this paper we
formed at (u,f)5(90°,135°);f5135° andf5245° are equivalent.

~u,f! Px Py Pz

~90°,645°!
62jS12SA1

a

2DS3

11
b

4
~163S2!

0 0

~70,645°!
0.94F62jS12S A1

a

2 DS3G
11

b

2
~0.3261.32S2!

0.32@2j~16S2!#

11
b

2
~0.3261.32S2!

0.34~A2a!S3

11
b

2
~0.3261.32S2!

(um ,645°) A2

3

62jS12S A1
a

2 DS3

16
b

2
S2

&

3

2j~16S2!

16
b

2
S2

1

)

~A2a!S3

16
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III. THEORETICAL BACKGROUND

The description of the photoionization process within t
dipole approximation limits the possible values of the an
lar momentum of the outgoing photoelectrons according
the selection rules. In the case of rare-gas atoms the elec
angular momentumj can have the valuesj 5Jion21, Jion ,
andJion11, with Jion being the total angular momentum o
the remaining photoion. Transitions to each of these fi
states is described by a complex reduced matrix elem
Deid with amplitudeD and phased. In a quantum mechani
cally complete experiment all three matrix elements must
determined, i.e., three amplitudesD2 , D0 , andD1 and two
phase differencesd20 andd01 . This requires the measure
ment of at least fiveindependentquantities.

The geometry of the photoionization process is shown
Fig. 3. The light propagates along theZ axis of the laboratory
XYZ frame, whereas theX axis lies in the horizontal plane o
the storage ring. The emitted electrons propagate along tz
axis of the electron coordinate systemxyz. Thez andZ axes
span the reaction plane.

Photoelectrons are usually spin polarized due to the s
orbit interaction in the final ionic state~assuming that the
splitting can be resolved! and in the continuum for the out
going electron waves@29#. For our experimental geometry
is convenient to describe the electron-spin polarization in
electron framexyz. In case of arbitrarily polarized radiatio
the three componentsPx , Py , andPz of the spin polariza-
tion vector and the differential cross section are given
@30#

ds

dV
~u,f!5

s

4p
F~u,f!, ~3!

Px~u,f!5@2j~S1 sin 2f2S2 cos 2f!

2~A1a/2!S3#sinu/F~u,f!, ~4!
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Py~u,f!52j~11S1 cos 2f1S2 sin 2f!

3sinu cosu/F~u,f!, ~5!

Pz~u,f!5~A2a!S3 cosu/F~u,f!, ~6!

with

F~u,f!512
b

2 FP2~cosu!

2
3

2
~S1 cos 2f1S2 sin 2f!sin2 uG . ~7!

A, a, j, andb are the so-called dynamical parameters.1 S1 ,
S2 and S3 are the normalized Stokes parameters which
scribe the polarization of the light2 @31#. The degree of linear
polarization is given byPlin5AS1

21S2
2. A positive S3 de-

notes light with positive helicity, and is called left-hande
circular polarization in classical optics@31#. Px and Py are
perpendicular to the electron propagation direction, and
called transversal components of the spin polarization vec
whereasPz is called the longitudinal component.b is the
angular anisotropy parameter.

Table I gives the spin polarization components for thr
different directions of electron emission, calculated by E
~4!–~6!. Due to the cosu term in Eqs.~5! and~6!, Py andPz
vanish for u590°. The measurements described in t
present paper were performed atu590° andf5135°. As
the scattering plane incorporating both electron detector
the Mott polarimeter was located perpendicular to the lig
beam, the component of the spin polarization vector para

1In Ref. @30#, the parameters2(A1a/2), 2j and (A2a) are
denoted byj, h, andz, respectively.

2In Eqs. ~4! and ~5!, the sign ofS1 and S2 was changed with
respect to the original equations in Ref.@30#.
2-4
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or antiparallel to the light propagation axis was determin
@a positivePx(90°,f) is antiparallel tokhn#. The quantity
A(u), used in previous experiments@32# to describe the
transferred spin polarization, relates toPx in the present ge-
ometry byPx(90°,645°)52A(90°) in the absence of lin
ear polarization. A simple interpretation of the equations
Table I can be given using the dynamical parameters.

~i! Using purely circularly polarized light (S25S150),
every component corresponds to a dynamical parameter:Px ,
Py , and Pz to 2(A1a/2), j, and (A2a), respectively.
2(A1a/2) and (A2a) can be measured only ifS3Þ0. The
spin polarization in the reaction plane originates from
spin polarization of the photons through a transfer of angu
momenta.2(A1a/2) and (A2a) are thus called the pa
rameters of the transferred spin polarization@33,29#.

~ii ! The componentPy perpendicular to the reaction plan
can be measured with light of any polarization or with u
polarized light. The origin of this polarization is a quantum
mechanical interference effect@29#, andj is often called dy-
namical polarization.

~iii ! Using purely linearly polarized light (S25S350) the
reaction plane is spanned by the electric-field vector and
electron momentum vector andj can be determined from
Px .

This last property enabled us to determine2(A1a/2)
andj, using the same Mott polarimeter in a constant geo
etry just by changing the light polarization from circular
linear and back. To simplify further discussions we defi
the following two quantities:

Ptransf5
Px~90°,135°!

S3
5

2~A1a/2!

11b/4
, for S25S150,

~8!

Pdyn5
Px~90°,135°!

S1
5

22j

11b/4
, for S25S350. ~9!

Ptransf andPdyn are the two independent quantities which w
can measure with the current experimental setup.

Due to kinematic relations, the ranges of the spin po
ization parameters are related to the value of the anisotr
parameterb. Whenb reaches its maximum value 2, all com
ponents of the spin polarization must vanish and ifb521
the dynamical polarization is zero~Fig. 3 in Ref.@30#!.

FIG. 3. Geometry of the photoionization process. The lig
propagates along theZ axis, and the electrons along thez axis.XYZ
is the laboratory frame andxyz the electron frame.
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The partial and differential cross sections and all the
namical parameters~and their combinations! can be ex-
pressed in terms of the dipole matrix elements@30#. The
partial cross section corresponds to the sum of the square
the amplitudes, and is given for closed-shell atoms in
velocity form as

s5a0
2 8p4

vc (
k

Dk
2, ~10!

wherea0 is the Bohr radius inm, v is the photon energy in
Hartree,c is the speed of light in atomic units~a.u.!, andDk
is calculated in atomic units. The relationship between
dipole matrix elements and the measured quantitiesPtransf,
Pdyn, and b were obtained using Eqs.~8! and ~9! and the
expressions given in Ref.@30#. For reference purposes the
are given in the Appendix for the photoionization of the X
4d, 5s, and 5p subshells.

As described above, for a quantum mechanically co
plete description of the photoionization process of a clos
shell atom in general, the measurement of at least five in
pendent quantities is necessary. In the present experimen
angular distributionb and the two spin polarization compo
nentsPtransf andPdyn of the photoelectrons can be measure
Together with published values of the partial cross sections,
there are four quantities directly accessible to us. To perfo
a complete characterization of the photoionization proc
we have to use further approximations, like the nonrelativ
tic approach, or we have to determine other photoionizat
parameters, like the photoion polarization. In some spe
cases~e.g.,p1/2 ionization! only three parameters are need
for a complete description of the process.

Inner-shell vacancies, such as a Xe 4d21 hole, can relax
through a radiationless decay process by emitting Au
electrons. The photoionization process usually leaves the
gly charged photoion in a polarized state, i.e., with an u
even population of the magnetic sublevels. Decay of a po
ized photoion may lead to an anisotropic angular distribut
and also to spin polarization of Auger electrons@34,35#. This
opens up the possibility to learn more about the photoion
tion process from the properties of the Auger electrons.
ing the two-step model of Auger decay~for details, see Ref.
@36#! the alignmentA20 and the orientationA10 of the pri-
mary hole state can be determined from the angular distr
tion and transferred spin polarization of Auger electrons,
spectively. Alignment and orientation are proportional to t
electric quadrupole moment and magnetic dipole momen
the photoion, respectively. Similar to the partial cross sect
s, alignment and orientation depend only on the square
the matrix element amplitudes, and are independent of
phase differences. For photoionization processes leadin
2D3/2 and 2D5/2 final states of the photoion, the expressio
for A10 and A20 in terms of the photoionization amplitude
are given in the Appendix.

IV. RESULTS AND DISCUSSION

A. Xe 5s photoionization

The results of our measurements of the spin polariza
and angular distribution are shown in Table II. BothPtransf

t

2-5
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andPdyn vanish within the error bars, andb is practically 2
at a 93.8-eV photon energy. These results prove that, at
photon energy the 5s photoionization can be describe
within pure LS coupling, i.e., there is only one outgoingp
partial wave and all dynamical parameters have fixed va
~cf. the Appendix!. Experiments showb52 for thes photo-
lines of most rare gases in a broad photon energy range@5#;
thus the spin polarization must vanish. This fact was use
determine the instrumental asymmetry of our Mott polari
eter from measurements of the Xe 5s and He 1s photolines.

A deviation of the anisotropy parameter fromb52 is a
sensitive monitor for the validity of theLS coupling. The
strongest deviation from this value was found for the Xes
line (b'1.3) in the Cooper minimum of the photoionizatio
cross section at approx. 32-eV photon energy@37#.

The only discrepancy between the theory of Ref.@38# and
the experimental data is that for the partial cross section,
calculation overestimatess significantly ~cf. Table II!. A

TABLE II. Theoretical and experimental partial cross sections,
spin polarization componentsPtransf and Pdyn, and angular anisot-
ropy b for Xe 5s photoionization at 93.8 eV.

Theorya Experiment

s/Mb 0.75 0.41~10!b

Ptransf 20.01 0.03~5!
5s21 2S1/2 Pdyn 0.01 20.01~1!

b 2 1.97~3!

aFrozen core RRPA@38#.
bReference@39#.
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similar situation can also be observed for the Xe 5p and 4d
processes. A possible explanation for these deviations c
be that the frozen-core relativistic RPA~RRPA! theory does
not take ionization into satellite states into account, wh
may result in too large a cross section of the main line.
falses does not necessarily influence the quality of pred
tions for the other dynamical parameters, because these
relative quantities~cf. the Appendix!.

B. Xe 5p photoionization

The results of our measurements of the spin polariza
and angular distribution are shown in Table III together w
other experimental and theoretical data. The different exp
mental values of the anisotropy parameterb agree very well
with each other. There is a good agreement between
RRPA and and RPA with exchange~RPAE! calculations,
and also between the experimental and theoretical data,
the exception of the partial cross section which is overe
mated by the theory~cf. the discussion above!.

For a complete characterization of the process leading
2P3/2 final state, five independent measurements are nee
but only four measured values are available. Since thep
shell is the outermost shell of xenon, it cannot decay by
Auger process, i.e., we cannot obtain further photoionizat
parameters. The Xe 5p photoionization process leading t
the 2P1/2 final state can be described by only three para
eters, i.e., a complete characterization of this process w
the present experimental setup is possible, since there
four measured quantities. We used this redundancy in
data to determine the polarization sensitivitySeff of our Mott
polarimeter.
TABLE III. Theoretical and experimental partial cross sections, fine-structure intensity ratior
(5s3/2/s1/2), spin polarization componentsPtransf andPdyn, and angular anisotropyb for Xe 5p photoion-
ization at 93.8 eV.

Theory Experiment

RRPAa RPAEb other this work

5p Total s/Mb 1.60 1.34~2!c

r 1.81 1.73~10!d

b 1.38 1.30 1.45~7!e 1.4220.12
10.08

5p21 2P1/2 s/Mb 0.57 0.49~2!f

Ptransf 0.30 0.27 0.31~5!

Pdyn 20.59 20.54 20.52~6!

b 1.39 1.44~10!d

5p21 2P3/2 s/Mb 1.03 0.85~2!f

Ptransf 20.14 20.16g 20.18~4!

Pdyn 0.29 0.31g 0.31~5!

b 1.38 1.46~10!d

aFrozen-core relativistic RPA@38#.
bFrozen-core, nonrelativistic RPA with exchange@55#.
cReference@39#.
dReference@41#.
eReference@42#.
fCalculated froms andr.
gThis value was calculated from the2P1/2 final state using an experimental branching ratio of 1.73.
2-6
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FIG. 4. ~a! Two-dimensional contours of values for the amplitude ratiol5D4 /D5 and phase differenced45 of the 5p1/2 photoionization
corresponding to measured values ofb51.4460.10 ~broken lines! and Acl520.6560.11 ~solid lines!. ~b! Enlarged section of~a!. ~c!
Two-dimensional contours of values forl andd45 resulting fromb51.4460.10,Pdyn520.5160.08, andPtransf50.3360.06. In all three
figures contours are shown for the measured value and6 one standard deviation.
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Due to the complexity of the equations connecting
matrix elements and the dynamical parameters, and bec
they contain trigonometric functions~cf. the Appendix!, a
complicated procedure involving analytical, graphical a
numerical methods had to be used to determine the am
tudesD4 andD5 and the phase differenced45 @cf. Eq. ~A6!#
of the 5p1/2 photoionization from the measurements. T
analysis was performed separately for two distinct data s
one taken at BESSY and one at Hasylab, because the ex
mental conditions were somewhat different. The proced
shown below is for the BESSY data set.

Using Eqs.~1! and Eqs.~8! and ~9!, the two spin polar-
ization componentsPtransf andPdyn can be written as

Ptransf5
Acirc

S3Seff
and Pdyn5

Alin

S1Seff
, ~11!

whereAcirc and Alin are asymmetries measured with circ
larly and linearly polarized radiation. Since the multilay
quarter-wave plate converted the linear polarization co
pletely into circular polarization,uS1u5uS3u. This means that
the ratio of the spin polarization components is equal to
ratio of the asymmetries. Using the ratioPtransf/Pdyn instead
of Ptransf and Pdyn ~together withs andb! to determine the
matrix elements results in values for the amplitudes a
phase difference which are independent of the Sherman f
tion Seff and the Stokes parametersS1 and S3 . Calculating
Ptransf andPdyn from these matrix elements and comparing
with the measured values enabled us to determineSeff of the
Mott polarimeter.

We used the experimental data

s50.49~2! Mb, b51.44~10!,
~12!

Ptransf/Pdyn5Acirc /Alin[Acl520.65~11!
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to determine the matrix elements.3 For a further analysis sim
plified forms of Eqs.~A10!–~A12! were used, whereb and
Ptransf/Pdyn are expressed by the ratio of the amplitudesl
5D4 /D5 and the phase differenced45. The partial cross
section@Eq. ~10!# is given in the present case by

s5a0
2 8p4

vc
~D4

21D5
2!. ~13!

~i! First thel andd45 values were determined which re
produce the experimental data Eq.~12!. For this purpose we
have plottedb51.4460.10 andAcl520.6560.11 in Fig.
4~a!. The middle dashed curve represents all possible va
of (l,d45) pairs compliant withb51.44 through Eq.~A10!.
The inner and outer dashed curves correspond tob51.34
and 1.54, respectively, and thus define the (l,d45) values
which are allowed within one standard deviation from t
measured value. Similarly, the three solid lines repres
Acl520.65, 20.76, and20.54. The (l,d45) pairs corre-
sponding to bothb andAcl are given by the intersections o
the dashed and solid lines. As can be seen from Fig. 4~b!,
there are two sets of solutions:

Solution 1: l52.01~16!, d45520.98~10!, ~14!

Solution 2: l50.83~9!, d4550.73~11!. ~15!

The shaded areas in Fig. 4~b! were used to assign error ba
to l andd45.

~ii ! In the second stepD4 andD5 were calculated froms
andl using Eq.~13!:

Solution 1: D450.092~3!, D550.046~3!,
~16!

d45520.98~10!,

3Note that in Table III the mean values of the two aforemention
data sets are given; thusAcl in Eq. ~12! is different fromPtransf/Pdyn

of Table III.
2-7
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Solution 2: D450.066~5!, D550.079~5!,

d4550.73~11!. ~17!

Additionally a numerical optimization procedure was pe
formed to find the best set of matrix elements by compar
them to all three measured values at the same time@cf. Eq.
~22!#. This process did not change the above values. B
solutions reproduce the experimental data@Eq. ~12!# exactly.

~iii ! The next step was to extractSeff from the above re-
sults.Ptransf andPdyn can be calculated from Eqs.~A11! and
~A12! using Eqs.~16! and ~17!:

Solution 1: Pdyn520.51~6!, Ptransf50.33~6!,
~18!

Solution 2: Pdyn50.51~7!, Ptransf520.33~7!.
~19!

From the measurements the sign of both spin polariza
components is known,Ptransf is positive andPdyn is negative
~cf. Table III!; thus solution 1 has to be the right one. Inse
ing the measured asymmetriesAcirc520.065(9) andAlin
50.100(9) and the calculatedPtransf and Pdyn of solution 1
into Eq. ~11!, we obtain

S1Seff520.197~26! and S3Seff520.197~38!.
~20!

With the known degree of light polarization from optic
measurementsS15S350.97(2) the polarization sensitivity
of the Mott polarimeter isSeff520.202(27).

~iv! As a final step, we plotb, Ptransf, andPdyn in depen-
dency onl andd45 in Fig. 4~c!. The fact that all three curve
cross each other in exactly one point is strong evidence
the internal consistency of the data. Furthermore the adv
tage of an overdetermined system is obvious: there is o
one (l,d45) pair which reproduces all three measured valu
at the same time, allowing only one solution to the proble

The Hasylab data set@with Acirc /Alin520.53(20)# yields
the following matrix elements:

D450.091~5!, D550.049~6!, d45520.97~10!.
~21!

With S15S350.99(1), this results in a Sherman function o
Seff520.195(36). Throughout the present paper the va
Seff520.20(3) is used.

The experimental matrix elements shown in Table IV a
mean values of the two data sets@Eqs.~16! and ~21!#. The-
oretical matrix elements were not published; thus we deri
them from the dynamical parameters of Ref.@38# by the
same procedure applied to the experimental data. The c
parison shows theoretical amplitudes that are too large w
is due to the overestimated cross section. The phase di
ences agree very well. Since the measured quantities rel
the ratios and/or the squares of the matrix element am
tudes, we cannot determine the signs ofD4 andD5 ; they are
either both positive or negative.
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C. Xe 4d photoionization

The results of our measurements of the spin polarizat
angular distribution, and fine-structure branching ratio
shown in Table V together with other experimental and th
oretical data. The 4d partial cross section was determined
several authors@39,40,43,44#. In Ref. @44# the results of sev-
eral experiments are compared and give a mean value o
Mb for 94-eV photon energy. Beckeret al. @39# published
data with the smallest uncertainties, thus we use their va
of 20.5 Mb. The branching ratio was published by Yat
et al. @45# and Ausmeeset al. @46#. Interestingly their values
differ somewhat@r51.34(2) in the former andr51.41(2)
in the latter#; our own measurement gives 1.38~2! for 94 eV.
The anisotropy parameter was published by Ka¨mmerling and
Schmidt @7# separately for both spin-orbit components~at
94.5 eV!. Our own measurements give somewhat sma
values for both lines. The alignmentA20 and orientationA10
of the ionic states were determined from angular distribut
@7,47–50# and spin polarization@20# measurements of the X
N4,5O2,3O2,3 Auger electrons, respectively.

The Xe 4d photoionization process was also thorough
investigated theoretically; relativistic@38,51–54# and nonrel-
ativistic @55,56# RPA calculations were performed wit
frozen-core and relaxed ionic potentials. In the frozen-c
model the charge distribution of the ion is taken to be sta
during photoionization, and the outgoing electron ‘‘sees’’ t
frozen potential of the ionic core. This model works well f
fast electrons, because they are not influenced by a r
rangement of the ion’s charge distribution. Rearrangemen
taken into account in the relaxed model mainly through
shielding of the hole by other electrons. In general, the
laxed model yields better results for slow electrons, beca
they are very sensitive to changes of the field they are m
ing in @56#.

The authors of Refs.@38# and@55# published the dynami-
cal parameters, whereas other authors published matrix
ments from which the dynamical parameters in Table V w
calculated using Eqs.~10!, ~A15–A20!, ~A29!, and ~A30!.
When comparing the experimental and theoretical data,
important to take into account the deviations in the ionizat
thresholds. In the frozen-core RRPA calculations, the ab
lute values of Dirac-Hartree-Fock eigenvalues were u
which lie 4.2 eV above the experimental thresholds. For t
reason we used the frozen-core RRPA values at 98.0
photon energy. In the relaxed RRPA calculations the thre

TABLE IV. Theoretical and experimental amplitudes~in a.u.!,
and phase difference~in rad! of the dipole matrix elements for Xe
5p1/2 photoionization at 93.8 eV. The theoretical values were
rived from the dynamical parameters.

Theorya Experiment

5p21 2P1/2 D4 0.098 0.092~3!

D5 0.053 0.047~3!

d45 21.03 20.97~7!

aFrozen-core RRPA@38#.
2-8
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TABLE V. Theoretical and experimental partial cross sections, fine-structure intensity ratior(5s5/2/s3/2), spin polarization compo-
nentsPtransf andPdyn, angular anisotropyb, orientationA10, and alignmentA20 for Xe 4d photoionization at 93.8 eV.

Theory Experiment

frozen
core

RRPAa

frozen
core

RPAEb

relaxed
RRPAc

relaxed
RRPA
overlap
factorsd

other this work

4d Total s/Mb 28.1 20.7 19.1 20.5~1.0!e

r 1.36 1.35 1.38~2!

b 0.34 0.36 0.25 0.27~4!f

4d21 2D5/2 s/Mb 16.2
17.2g 11.9 10.9 11.9~6!h

Ptransf 20.54 20.60i 20.56 20.56 20.57~7!

Pdyn 0.17 0.17i 0.12 0.12 0.15~5!

b 0.34 0.24 0.275 0.35~1!j 0.23~4!

A10 20.61g 20.62 20.61 20.61 20.65~15!k

A20 20.24g 20.24 20.24 20.24 20.238~16!l

4d21 2D3/2 s/Mb 11.9 8.8 8.6~4!h

Ptransf 0.83 0.83 0.84 0.83~9!

Pdyn 20.24 20.23 20.13 20.20~5!

b 0.34 0.26 0.33~3!j 0.21~4!

A10 20.61 20.61 20.58~13!k

A20 20.22 20.22 20.22~3!l

aReference@38# at hn598.0 eV; see text.
bReference@55#.
cReference@52#.
dLiu and Kelly ~1992!, cited in Ref.@7# as private communication;hn594.5 eV.
eReference@39#.
fReference@42#.
gReference@51# at hn598.0 eV; see text.
hCalculated froms andr.
iCalculated from the2D3/2 final state using the experimental branching ratio.
jReference@7# at hn594.5 eV.
kReference@20#.
lReferences@7,47#.
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old is taken as the difference between the self-consistent
ergies of the atomic and ionic ground states. These va
differ by less than 1 eV from the experimental thresho
@54#, and are not corrected. The matrix elements of Liu a
Kelly are given only at 94.5 eV@7#.

Similarly to the 5s and 5p ionization, the frozen-core
RRPA calculations also overestimate the 4d partial cross
section. Relaxation of the ionic core solves this problem a
gives accurate values, but overlap integrals decreases too
much. The influence of relaxation on the partial cross sec
for different photon energies was investigated in Refs.@53#
and @54#. These authors found that including relaxation im
proves the agreement with experiment up to 100 eV, bu
higher energies the agreement decreases. A similar beh
was found in Ref.@56# by comparing the frozen-core an
relaxed versions of the RPAE theory.

A further discrepancy between the frozen-core and
laxed RRPA calculations can be found for the anisotro
03271
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parameterb and the dynamical spin polarizationPdyn. Un-
fortunately the measured dynamical polarization is betw
the two theoretical values. The transferred spin polarizat
Ptransf alignmentA20, and orientationA10 are in very good
agreement for all calculations and measurements.

A complete characterization of the 4d photoionization
process in terms of dipole matrix elements is possible,
cause for each final ionic state there are five unknown qu
tities, three amplitudes and two phase differences@Eqs.
~A13! and ~A14!#, and six measured valuess, A10, A20,
Ptransf, Pdyn, andb ~Table V!. A similar procedure to that in
Sec. IV B was used to determine the matrix elements.

~i! First the three amplitudes were calculated analytica
from s, A10, andA20, using Eqs.~10! and ~A29! or ~A30!.
Since these equations contain only the squares of the am
tudes, their signs cannot be determined, and we rely on
signs of the theoretical values.
2-9



e Fig.

G. SNELL et al. PHYSICAL REVIEW A 63 032712
TABLE VI. Theoretical and experimental amplitudes~in a.u.! and phase differences~in rad! of the dipole
matrix elements for Xe 4d photoionization at 93.8 eV. For the uncertainties of the phase differences, se
5. The right column shows the matrix elements with vanishing relativistic phase differences.

Theory Experiment

frozen
core

RRPAa

relaxed
RRPAb

relaxed
RRPA
overlap
factorsc

otherd this work this work

4d21 2D3/2 D1 0.078 0.0920.02
10.09 0.087~17!

D2 0.036 0.0420.03
10.11 0.044~32!

D3 0.428 0.4220.06
10.01 0.421~10!

d12 3.12 3.623.0
11.3 3.14~3!e

d23 2.74 2.321.0
11.8 2.62~15!

4d21 2D5/2 D4 0.130 0.107 0.099 0.126~38! 0.1020.01
10.04 0.115~10!

D5 0.130 0.107 0.103 0.125~22! 0.1120.02
10.01 0.108~13!

D6 0.582 0.484 0.467 0.483~62! 0.4920.02
10.01 0.482~10!

d45 20.80 20.53 20.57 60.9~1.2! 20.6820.21
10.24 20.59~11!

d56 0.02 0.03 0.03 60.1~1.2! 0.3520.70
10.32 0.00~3!e

aReference@51# at hn598.0 eV; see text.
bReference@52#.
cLiu and Kelly ~1992!, cited in Ref.@7# as private communication;hn594.5 eV.
dReference@7# at hn594.5 eV.
eValues fixed to 3.1460.03 and 0.0060.03.
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~ii ! Using the amplitudes from~i!, Ptransf, Pdyn, and b
were plotted in dependency on the two phase differen
For both final states all three curves cross each other app
mately at one point, which roughly determines both ph
differences.

~iii ! To increase the precision a numerical optimizati
procedure was performed, using the amplitudes from~i! and
the phase differences from~ii ! as starting values. In this pro
cess the matrix elements were varied in order to minim
the squared difference between the measured and reprod
values expressed by the following equation:

Q5S A102A10,meas

DA10,meas
D 2

1S A202A20,meas

DA20,meas
D 2

1S s2smeas

Dsmeas
D 2

1S b2bmeas

Dbmeas
D 2

1S Ptransf2Ptransf,meas

DPtransf,meas
D 2

1S Pdyn2Pdyn,meas

DPdyn,meas
D 2

. ~22!

The matrix elements obtained from the optimization pro
dure reproduce the measurements exactly. The results o
analysis are given in Table VI, in the second column fro
the right.

It is interesting to note that all the phase differences h
large error bars. In Ref.@7# the situation is similar. This ha
several reasons.s, A10, and A20 are independent of the
phases, andPtransf is only weakly dependent, i.e., these qua
tities do not contribute to the determination of the pha
differences. The strongest dependency is onPdyn @cf. Eqs.
~A17! and ~A20!#, which is usually the most inaccurate du
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to the difficulty of determining the instrumental asymmet
of the Mott polarimeter. Furthermore, there is an ambigu
in the phase differences when they are used to reproduce
dynamical parameters within their error bars. This behav
is discussed in the next paragraph.

The uncertainties of the matrix elements, the three am
tudes, and two phase differences, cannot be adequately
resented by simple one-dimensional bars. Rather we hav
determine ranges in a five-dimensional space, within wh
the matrix elements reproduce the measured quant
within their uncertainties. We have carried this out by a s
tematic numerical variation of the former set of five para
eters, checking compliance with the experimental values
each trial set. Results of this procedure for the two ph
differences are presented in Fig. 5, while one-dimensio
projections for the errors of the other parameters are sh
in Table VI. These obviously represent an upper limit to t

FIG. 5. Two-dimensional representation of pairs of phase diff
ence values compatible with the measured data for both final s
of the 4d photoionization. See the text for details.
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TABLE VII. Theoretical and experimental amplitudes~in a.u! and phase differences~in rad! of the dipole
matrix elements for Xe 4d photoionization at 93.8 eV in the nonrelativistic approximation. The left a
middle columns were obtained from Table VI by using Eqs.~A21! and~A22!. The right column is the resul
of a nonrelativistic analysis.

Theory Experiment

relaxed RRPAa

~from Table VI!
this work

~from Table VI!
this work

~from nonrelat. analysis!

4d21 2D3/2 Dp 0.087 0.095~19! 0.098~11!

D f 0.428 0.42~1! 0.420~8!

dp f 20.40 20.52~15! 20.54~13!

4d21 2D5/2 Dp 0.107 0.115~10! 0.118~13!

D f 0.496 0.494~10! 0.494~10!

dp f 20.53 20.59~11! 20.60~14!

aReference@52#.
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uncertainty of these parameters. Figure 5 is also very us
for a comparison with the theoretical phase differences.
results of the relaxed RRPA theory lie clearly within th
shaded area for both final states, whereas the frozen-
value is outside the experimentally allowed area.

The overestimated partial cross section of the frozen-c
RRPA theory is reflected by values of the amplitudes wh
are too large. The agreement between the amplitudes of
experiments and the relaxed RRPA theory is very go
Since all dynamical parameters excepts depend only on
amplitude ratios, the discrepancy between the relaxed
frozen-corePdyn and b is due to the difference in the non
relativistic phased45. This difference means that the chan
ing ionic potential caused by relaxation influences the out
ing waves with different orbital angular momenta differen
~l dependency!. A dependence onj cannot be observed, sinc
the relativistic phase vanishes in all calculations~p is
equivalent to 0!.

Since vanishing relativistic phases are compatible w
the experimental results~cf. Fig. 5!, we repeated our analysi
with the conditionsd1253.1460.03 andd565060.03. The
results of this analysis are in the right most column of Ta
VI. These matrix elements reproduce all the measured qu
tities perfectly. The amplitudes are practically the same a
the previous analysis, but the nonrelativistic phase diff
ences are slightly altered. The fixing of one parameter
duces the error bars~determined as described above! sub-
stantially. There is an excellent agreement with the rela
RRPA results of Ref.@52# for all ten parameters.

The transition to a completely nonrelativistic descripti
of the 4d process in terms of matrix elements is given
Eqs. ~A21! and ~A22!, and the results are shown in Tab
VII. Vanishing relativistic phase differences were alrea
taken into account, but certain ratios of the amplitudes m
also be fulfilled. The conditionsD1 /D25A5 for the 2D3/2

final state andD6 /D55A20 for the 2D5/2 final state are me
by both theoretical and experimental amplitudes~within the
uncertainties!. This means that the nonrelativistic approxim
tion is valid in the present case.

In this way, we can also analyze our experiment usin
nonrelativistic model as a starting point. The extraction
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parameters then becomes similar to the case of the 5p1/2
photoionization, described above. Results for the matrix e
ments are given in Table VII, right column. Furthermore, w
obtainSeff520.2060.02 for the polarization sensitivity an
A10520.59 andA20520.23 for the orientation and align
ment, respectively. The excellent agreement of these va
with those from the Auger electron measurements~Table V!
proves the validity of the two-step model of Auger decay
the present case.

The validity of the nonrelativistic approximation can b
also tested directly using the measured electron-spin po
izations. In the nonrelativistic approximation the spin pola
izations of the two fine-structure components are related
each other; that is the spin polarization should vanish if
two components are not separated in the electron spect
eter @55#:

rPtransf
5/2 52Ptransf

3/2 and rPdyn
5/252Pdyn

3/2 . ~23!

These equations are fulfilled very well by our measureme
for bothPtransfandPdyn ~cf. Table V!; thus the validity of the
nonrelativistic approximation is confirmed. A detailed ana
sis of the Xe 4d photoionization process based on a modifi
nonrelativistic treatment was given in Ref.@9# for a broad
photon energy range.

V. SUMMARY

We have presented a detailed study of Xe 4d inner-shell
and Xe 5s and 5p valence-shell photoionization processes
94-eV photon energy, close to the maximum of the 4d shape
resonance. The use of advanced experimental technique
lowed us to perform spin-resolved electron spectrosc
with circularly and linearly polarized synchrotron radiatio
For all three processes we measured two independent
polarization components and the angular anisotropy par
eter. These data were combined with published values of
cross section, anisotropy parameter, and intensity ratio of
fine-structure components. Additionally, for the 4d photo-
ionization we used published values of the photoion alig
2-11
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ment and orientation, which describe the polarization of
4d21 hole states.

The parameter sets we measured for the 5s and 5p1/2
photolines could be used to determine the instrume
asymmetry and the polarization sensitivitySeff of our Mott
polarimeter. For the 5p1/2 photoionization process a com
plete set of dipole matrix elements was also determined.

A combination of measurements on the 4d photolines
with the calibration results from the 5s and 5p photolines
made it possible to determine a complete set of relativi
dipole matrix elements independently for both final ion
states of the Xe 4d photoionization process. Detailed com
parisons with theoretical calculations and other experime
data leads us to the following conclusions.

~i! A theoretical description of the valence photoioniz
tion processes by the frozen-core RRPA and RPAE mo
is good for all parameters, except for the partial cross s
tion. The most important characteristic of these processe
that they are strongly influenced by the 4d shell ~interchan-
nel coupling!.

~ii ! In the case of the 4d ionization, where the results o
both relaxed and frozen-core RRPA calculations are av
able, we found an excellent agreement between our data
the relaxed RRPA data for all photoionization paramet
and matrix elements. This shows that at 94-eV photon
ergy relaxation plays a major role.
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~iii ! 4d photoionization can be described very well in th
framework of a nonrelativistic approximation at this phot
energy. This result is supported by both theoretical and
perimental data in the form of extracted matrix elements, a
also by spin polarization measurements. This finding is
unexpected, since relativistic effects should occur mainly
Cooper minima of the cross section.

An interesting subject for future investigations will be
examine the influence of relaxation and relativistic effe
over a broad photon energy range. For this purpose s
polarization measurements should be performed especial
and around the cross section Cooper minima, and the co
sponding theoretical results should be published.
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s for the
APPENDIX

The relationship between our measured quantitiesPtransf, Pdyn, andb, and the dipole matrix elements, were obtained us
Eqs.~8! and~9! and the expressions given in Ref.@30#. They are given below for the photoionization of the Xe 4d, 5s, and
5p subshells. These formulas have the same forms for the photoionization of other closed-shell atoms. Expression
photoion polarization~orientation and alignment! are also given for the photoionization ofd subshells.

1. Xe 5s photoionization

Xe 5s2 5p6~1S0!1hn→Xe1 5s1 5p6~2S1/2!1ePh
2 ~«p1/2,«p3/2!,

k 5 1 2. ~A1!

The indexk is used to differentiate between the different final states, e.g.,D2 is the amplitude of the«p3/2 partial wave. The
dynamical parameters are given by

b5
D2

21A8D1D2 cosd12

D1
21D2

2 , ~A2!

Ptransf5

D1
22D2

21
&

2
D1D2 cosd12

D1
21

5

4
D2

21
&

2
D1D2 cosd12

, ~A3!

Pdyn5

3

&
D1D2 sind12

D1
21

5

4
D2

21
&

2
D1D2 cosd12

. ~A4!

In the nonrelativistic approximation there is only one outgoingp electron wave (d1250, D15A1/3Dp , and D2

5A2/3Dp) and all the dynamical parameters have fixed values:b52 andPtransf5Pdyn50.
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2. Xe 5p photoionization

Xe 5s2 5p6~1S0!1hn→Xe1 5s2 5p5~2P3/2!1ePh
2 ~«d5/2,«d3/2,«s1/2!

k 5 1, 2, 3 ~A5!

→Xe1 5s2 5p5~2P1/2!1ePh
2 ~«d3/2,«s1/2!

k 5 4 5. ~A6!

The dynamical parameters are given by

b3/25
4D1

224D2
216D1D2 cosd1222A5D2D3 cosd2326A5D1D3 cosd13

5~D1
21D2

21D3
2!

, ~A7!

Ptransf
3/2 5

29D1
214D2

215D3
219D1D2 cosd1225A5D2D3 cosd23

12D1
218D2

2110D3
213D1D2 cosd122A5D2D3 cosd2323A5D1D3 cosd13

, ~A8!

Pdyn
3/25

2~15D1D2 sind1213A5D2D3 sind2326A5D1D3 sind13!

12D1
218D2

2110D3
213D1D2 cosd122A5D2D3 cosd2323A5D1D3 cosd13

, ~A9!

b1/25
D4

21A8D4D5 cosd45

D4
21D5

2 5
l21A8l cosd45

l211
, ~A10!

Ptransf
1/2 5

D4
22D5

22
&

2
D4D5 cosd45

D5
21

5

4
D4

21
&

2
D4D5 cosd45

5

l2212
&

2
l cosd45

11
5

4
l21

&

2
l cosd45

, ~A11!

Pdyn
1/25

3

&
D4D5 sind45

D5
21

5

4
D4

21
&

2
D4D5 cosd45

5

3

&
l sind45

11
5

4
l21

&

2
l cosd45

. ~A12!

A simplified form of the last three equations is also given using the ratio of the amplitudesl5D4 /D5 .

3. Xe 4d photoionization

Xe 4d105s2 5p6~1S0!1hn→Xe1 4d9 5s2 5p6~2D3/2!1ePh
2 ~«p1/2,«p3/2,« f 5/2!

k 5 1, 2, 3 ~A13!

→Xe1 4d9 5s2 5p6~2D5/2!1ePh
2 ~«p3/2,« f 5/2,« f 7/2!

k 5 4, 5, 6. ~A14!

The dynamical parameters are given by

b3/25
4

5

2D2
21D3

22 1
2 A5D1D2 cosd122

3
2 A5D1D3 cosd131

3
2 D2D3 cosd23

D1
21D2

21D3
2 , ~A15!

Ptransf
3/2 5

25D1
224D2

219D3
215A5D1D2 cosd1229D2D3 cosd23

10D1
218D2

2112D3
22A5D1D2 cosd1223A5D1D3 cosd1313D2D3 cosd23

, ~A16!
032712-13
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Pdyn
3/25

23A5~D1D2 sind1222D1D3 sind131A5D2D3 sind23!

10D1
218D2

2112D3
22A5D1D2 cosd1223A5D1D3 cosd1313D2D3 cosd23

, ~A17!

b5/25
D4

22 32
7 D5

21 25
7 D6

226A 2
7 D4D5 cosd45260A 2

35 D4D6 cosd461
12
7 A5D5D6 cosd56

5~D4
21D5

21D6
2!

, ~A18!

Ptransf
5/2 5

3
5 D4

21 9
35 D5

22 6
7 D6

22 3
5A 7

2 D4D5 cosd451
3
7 A5D5D6 cosd56

21
20 D4

21 27
35 D5

21 33
28 D6

22 3
10A 2

7
D4D5 cosd452

6
10A 10

7
D4D6 cosd461

3
35A5D5D6 cosd56

, ~A19!

Pdyn
5/25

3

A14
D4D5 sind4526A 2

35 D4D6 sind461
3

A5
D5D6 sind56

21
20 D4

21 27
35 D5

21 33
28 D6

22 3
10A 2

7 D4D5 cosd452
6

10A 10
7 D4D6 cosd461

3
35A5D5D6 cosd56

. ~A20!
ric

n
s.
In the nonrelativistic approximation using

2D3/2: d1256p, d235dp f1p, D15A5/6Dp ,
~A21!

D25A1/6Dp , D35D f ,

2D5/2: d455dp f , d5650, D45Dp ,
~A22!

D55A1/21D f , D65A20/21D f

Eqs.~A15!–~A20! are reduced to

b3/25
4D f

21Dp
2212A3/2D fDp cosd f p

5~D f
21Dp

2!
, ~A23!

Ptransf
3/2 5

6D f
226Dp

21A6D fDp cosd f p

8D f
217Dp

222A6D fDp cosd f p

, ~A24!

Pdyn
3/25

25A6D fDp sind f p

8D f
217Dp

222A6D fDp cosd f p

, ~A25!

b5/25
4D f

21Dp
2212A3/2D fDp cosd f p

5~D f
21Dp

2!
, ~A26!

Ptransf
5/2 5

24D f
214Dp

222A2/3D fDp cosd f p

8D f
217Dp

222A6D fDp cosd f p

, ~A27!

Pdyn
5/25

210A2/3D fDp sind f p

8D f
217Dp

222A6D fDp cosd f p

. ~A28!
03271
Orientation A10 and alignmentA20 for photoionization
processes leading to2D3/2 and 2D5/2 final states of the pho-
toion are given by@57,58#

A10
3/25

S3

2A5

5D1
212D2

223D3
2

D1
21D2

21D3
2 ,

~A29!

A20
3/25

~22!

10

5D1
224D2

21D3
2

D1
21D2

21D3
2 ,

A10
5/25

S3

2 S 3

35D
1/2 7D4

212D5
225D6

2

D4
21D5

21D6
2 , ~A30!

A20
5/25

~22!

5A14

7D4
228D5

21
5

2
D6

2

D4
21D5

21D6
2 .

A20 is given here with respect to the direction of the elect
field vectorE of linearly polarized radiation.

In the nonrelativistic approximation using Eqs.~A21! and
~A22!, A10 andA20 are given by

A10
3/25

3S3

4A5

3l222

11l2 , A20
3/252

1

10

217l2

11l2 , ~A31!

A10
5/25

S3

2 S 7

15D
1/2 3l222

11l2 , A20
5/252

1

5
A2

7

217l2

11l2 ,

~A32!

with l5Dp /D f . In this case orientation and alignment ca
be expressed solely with the ratio of the dipole amplitude
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