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Polarization analysis of fluorescence probing the alignment of Xe¿ ions in the resonant
Auger decay of the Xe* 4d5Õ2

À16p photoexcited state
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Xe II fluorescence, following the resonant Auger decay of the Xe* 4d5/2
216p photoexcited state, has been

measured in the wavelength region 400 nm<l ~fluo! <610 nm by means of dispersed fluorescence spectros-
copy, and the degree of linear polarization of the emitted light has been analyzed. From these data, the
alignment of the ionic 5p46p states produced by the Auger decay has been determined by taking into account
the depolarization of the radiatively decaying XeII multiplet due to cascade population and hyperfine interac-
tions. Calculations of the alignment are performed in a multiconfigurational Dirac-Fock approach and com-
pared with the experiment. Good agreement between experiment and theory has been obtained for almost all
fine-structure components of the XeII 5p46p multiplet, providing reliable alignment parameters of the ionic
states produced upon resonant Auger decay.
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I. INTRODUCTION

Photoinduced resonant Auger transitions are being ex
sively investigated at present, benefiting from the devel
ment of new synchrotron sources, as well as high-resolu
monochromators, and electron spectrometers@1#. As illus-
trated by numerous articles, the decay of the resonantly p
toexcited Xe* 4d21np states represents a showcase
studying the dynamics of the resonant Auger decay. Exp
mentally, the above resonances can easily and efficientl
excited, and, from a theoretical point of view, the electro
structure of xenon is complex enough to require the incor
ration of interesting multielectron phenomena. Methods
electron spectroscopy have been used to study the ene
resolved resonant Auger spectra@2–12# as well as the angu
lar distribution of the Auger electrons@12–17#. Electron-
electron coincidences@18#, a photoion yield method@19#,
and observation of the ion fluorescence@20# were utilized to
clearly identify the Auger lines and to determine the popu
tion pathways of the ion states. By means of spin-resol
electron spectroscopy, the spin polarization of the Au
electrons was measured@21#, which enabled a determinatio
of the ratio of complex Auger decay amplitudes for one
the transitions. All these studies have stimulated consider
theoretical efforts to describe the resonant Auger decay in
@8–10,17,22–32#. Although sophisticated calculations withi
relativistic and semirelativistic approaches@10,17,31,32# can
satisfactorily reproduce relative intensities and angular
tribution parameters for the majority of the Auger lines, the
are still sizable discrepancies for some transitions and fur
studies are necessary to clarify the remaining differences
tween experiment and theory.

An extension of the above-mentioned studies is the an
sis of polarization and/or angular distribution of the fluore
cence lines originating from the radiative decay of exci
states of the residual XeII ion after the Auger decay, both i
1050-2947/2001/64~2!/022703~14!/$20.00 64 0227
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coincidence with the Auger electron and in noncoinciden
modes. Observations of fluorescence in coincidence with
Auger or autoionizing electron can constitute a complete
periment in certain cases@33#. Measurements of polarizatio
and/or angular distribution of fluorescence without detect
the Auger electrons are an important step towards comp
information. The importance of measurements of the fluor
cence is increasing even now, because, as has been di
ered very recently, the dynamical parameters describing
angular distribution and spin polarization of Auger electro
are not independent@34#, and observation of only the Auge
electron is not enough for a complete characterization of
Auger process. The additional parameter accessible in
serving fluorescence~for excitation with linearly polarized
light! is the alignment of the ion after the Auger decay. T
alignment carries information about the ionization probab
ties into different continuum channels, i.e., absolute ratios
the Auger decay amplitudes, since the theoretical descrip
implies a trace over the quantum numbers of the unobse
Auger electrons. In contrast, angular distribution and s
polarization of the Auger electrons normally contain interfe
ence between the decay amplitudes. Therefore, a more c
plete understanding of the dynamics of the Auger decay
a better theoretical description can be achieved by combin
information from experiments analyzing Auger electrons a
fluorescence.

Observation and spectral analysis of fluorescence pho
in the visible wavelength region have certain experimen
advantages in comparison with the spectroscopy of Au
electrons, mainly because the fine structure of the resid
ion is much more easily resolved by an optical spectrome
than by an electron analyzer. In addition, fluorescence sp
tra are free from spectral broadening introduced by the
citing photon beam. Furthermore, several fluorescence t
sitions from the same ionic state can often be observ
providing good possibilities for a cross checking of the me
©2001 The American Physical Society03-1



n

e
e
a

af
ed
s
nd

th
s
ic
he
ig
r

in-
th

rs
n
a
o
o

ou
-
e
t
o
di
io

-
it

r
th
p
e
t

be
fte
fo
ex
I.

C
d
e
th

ble

ion

de-
in
is

e
as
lved
s
and

n-
x

n a

es a
-
h-

y a
an
tra
tor
ree
ed

of

the
pro-
r
na-

the
ons
-

c-

M. MEYER et al. PHYSICAL REVIEW A 64 022703
sured alignment. Upon photoexcitation of the Xe* 4d216p
resonances, the dominant relaxation channel is the reso
Auger decay to the XeII 5p4(1S, 1D, 3P)6p and Xe II

5p4(1S, 1D, 3P)7p states. Except for the XeII 5p4(1S)7p
levels, all these states are lying below the XeIII threshold
and the secondary Auger decay is energetically forbidd
Therefore, studies of the radiative decay of the above XII

states provide unique direct access to the symmetry
alignment of the formed ions.

The first measurements of the dispersed fluorescence
the resonant Auger decay of the photoexcit
Xe* 4d5/2

216p (J51) state have been performed by Ehre
mannet al. @20# in the wavelength range between 400 a
550 nm and in the vuv region~90 – 115 nm!. They observed
the angular distribution of fluorescence lines from the XeII

5p46p levels and they have deduced the alignment of
photoion. In a recent paper, corrected experimental value
the alignment were presented together with a theoret
analysis @32#. Unfortunately, the comparison between t
measurements and theoretical predictions was not stra
forward, since effects of depolarization of the fine-structu
ionic states taking place during their lifetime were not
cluded and no conversion of the observed alignment into
initial value after the Auger decay has been undertaken.

In the present paper, we extend the studies of dispe
fluorescence by analyzing the degree of linear polarizatio
the fluorescence lines in the spectral range between 400
610 nm with improved spectral resolution. Investigations
the angular distribution or the degree of linear polarization
the fluorescence should give equivalent information ab
the alignment of the XeII levels. In order to enable a com
parison of our data with theoretical predictions for the Aug
decay, we have converted the observed alignment into
initial alignment by taking into account the depolarization
the photoion states due to hyperfine interactions and ra
tive cascades. Furthermore, we have performed calculat
for the initial alignment of the XeII 5p46p states after the
Auger decay of the 4d5/2

216p (J51) resonance in a multicon
figurational Dirac-Fock approach and we compare them w
the measurements.

The paper is structured as follows. In Sec. II, the expe
mental setup is briefly described. In Sec. III, we discuss
dispersed fluorescence spectra and their polarization de
dence, and deduce the observed alignment of the XII

5p46p states. A theoretical model is presented in Sec. IV
describe the initial alignment of the 5p46p ionic states after
resonant Auger decay. In Sec. V, we establish the link
tween the observed alignment and the initial alignment a
the Auger decay by analyzing the depolarization effects
the radiatively decaying ionic states. Comparison of the
perimental and theoretical results is discussed in Sec. V

II. EXPERIMENTAL SETUP

The experiments have been performed at the Super-A
storage ring in Orsay~France! using the monochromatize
synchrotron radiation~SR! from the SU6 undulator beamlin
as the excitation source. The setup for the collection and
spectral analysis of the visible fluorescence light resem
02270
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closely the one described earlier for the study of the emiss
following inner-shell excitation of small molecules@35#. The
geometry used here for the experiment on atomic Xe is
picted in Fig. 1. Elliptically polarized SR is propagating
thez direction and the main axis of the polarization ellipse
lying close to a fixedx axis with possible deviations in angl
w0. The linear polarization of the exciting photon beam h
been determined to about 80% by means of angular-reso
photoelectron spectroscopy@36#. The fluorescence photon
are produced in the region of interaction between the SR
an effusive Xe gas jet~installed in thex direction and not
shown in Fig. 1.! They are collected in the direction perpe
dicular to thexz plane by a spherical mirror and a conve
lens. This arrangement allows us to collect photons withi
cone of about 5° opening around they axis. Outside the
experimental chamber, the parallel photon beam pass
commercial sheet polarizer~Pol!, is deviated by a plane mir
ror, and is refocused onto the entrance slit of a hig
resolution fluorescence spectrometer~Jobin Yvon HR460!.
Finally, the wavelength-selected photons are registered b
large liquid-nitrogen-cooled CCD detector. The polarizer c
be rotated around they axis and enabled us to record spec
where only the fluorescence light with its polarization vec
parallel to the axis of the polarizer is transmitted. The deg
of linear polarizationPL of the fluorescence was measur
by combining the fluorescence intensities when the axis
the polarizer was directed parallel to thex axis, I i , and per-
pendicular to it, i.e., parallel to thez axis, I' ,

PL5
I i2I'

I i1I'

. ~1!

For a detailed spectral analysis and the assignment of
observed transitions, an 1800 lines/mm grating was used
viding a resolution ofDl ~fluo! 5 0.08 nm. The spectra fo
the investigation of polarization effects and the determi

FIG. 1. Scheme of the experimental setup used to determine
degree of linear polarization for fluorescence transitions of Xe i
produced upon resonant 4d→6p excitation with synchrotron radia
tion ~SR!. The optical elements are indicated:~M! mirror, ~L! lens,
~Pol! polarizer, and~ES! entrance slit of the high-resolution spe
trometer. Polarization ellipse of the SR beam is indicated.
3-2
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POLARIZATION ANALYSIS OF FLUORESCENCE . . . PHYSICAL REVIEW A 64 022703
tion of the alignment have been recorded with a spec
resolution of Dl ~fluo! 5 0.2 nm using a 300 lines/mm
grating. Due to its lower dispersion, it is possible to acqu
the complete spectral range with only one setting for
position of the grating. Typical count rates have been ab
50-100 counts/s in the strongest lines and typical acquisi
times have been 30 min for one spectrum. The experime
transmission of the setup has been controlled for the
polarization directions~parallel and perpendicular! by com-
paring the intensities of fluorescence lines originating fr
states with angular momentumJ5 1

2 , which should show a
vanishing degree of polarization. This point will be discuss
in some detail in Sec. III B. The production of excited io
5p46p due to direct ionization in the 5s or 5p shell of Xe
has been checked by measuring dispersed fluorescence
tra upon excitation at nonresonant excitation energies. O
very little intensity has been found for radiative transitio
from the 5p46p levels. This intensity originates dominant
from the cascade population of the 5p46p levels from the
higher-lying 5p4ns and 5p4nd satellite states, whereas th
population of the 5p46p levels via direct photoionization is
small @10#. For the final analysis of the resonant spectra,
intensity of the emission connected with the direct photoi
ization has been taken into account.

The energy calibration of the exciting SR has been
tained by recording total ion yield spectra in the regi
around the 4d-np resonances and 4d21 ionization thresh-
olds. An energy resolution ofDhn(SR)550 meV was used
to excite the Xe* 4d5/2

216p resonance athn(SR)565.1 eV.
The background pressure in the experimental cham

was about 731028 mbar and was increased up to 531025

mbar during the experiment. Xe gas of high purity~99.99%!
was used, having the natural composition of Xe isotopes

III. EXPERIMENTAL RESULTS

A. Dispersed fluorescence spectra

A total of about 108 lines with non-negligible intensi
have been observed in the dispersed fluorescence spec
the wavelength region between 400 nm and 610 nm. All
observed transitions were identified unambiguously acco
ing to tabulated data for XeII @37# and XeIII @38# radiative
emissions. The majority of the observed lines can be att
uted to the radiative decay of the XeII 5p4(1S,1D,3P)6p
multiplet to lower-lying Xe II 5p46s or 5p45d states. In
order to bring out the correspondence as well as the dif
ences between the analysis of Auger electrons and of fl
rescence photons, part of the high-resolution fluoresce
spectrum covering the wavelength region between 450
and 510 nm is displayed in Fig. 2. In addition, a few selec
radiative transitions are presented in Table I together with
corresponding data from resonant Auger spectroscopy@10#.
The jK notation for the XeII states from@37# is used
throughout the paper; only in the first column of Table I ha
we also quoted the LSJ terms in order to facilitate the co
parison with the Auger data. A more comprehensive list
observed radiation transitions from the XeII 5p46p levels
will be presented below~Table II! in the analysis of fluores
cence polarization.
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An important difference in the results obtained by t
Auger spectroscopy and the fluorescence spectroscopy s
up in the fact that the same ionic state appearing as a si
Auger line gives rise to several fluorescence lines. For
ample, in the investigated wavelength region, the radia
decay of the excited XeII 5p4(1D2)6p@2#3/2 and 6p@2#5/2
states results in five and six observed fluorescence lines
spectively, with different intensities~see Table I!. Similarly,
the strong line atl ~fluo! 5 460.3 nm ~labeled ‘‘A’’ in
Fig. 2! is related to the radiative transition XeII
5p4(3P2)6p@1#3/2→5p4(3P2)6s@2#3/2, while the same ini-
tial state also gives rise to the weak line atl ~fluo! 5 481.8
nm ~labeled ‘‘A8’’ ! attributed to the transition to the
5p4(3P2)5d@2#3/2 state. For a fixed initial ionic state, th
relative intensities are determined by the corresponding
tical transition probabilities. In contrast, relative intensiti
of the fluorescence lines originating from different initi
ionic states are governed by the relative population of th
states and, therefore, are correlated with the strengths o
corresponding Auger transitions. For example, fluoresce
lines attributed to decays of the 6p levels are generally much
stronger than those connected with the 7s levels~cf. Fig. 2!,
in accordance with the relative strength of the 6p and 7s
Auger lines in the electron spectra.

Even more important is the difference in energy resolut
when comparing electron and fluorescence spectroscopy
five Auger lines given in Table I are part of a group of line
which are not completely resolved in the electron spectra
@10# with a total kinetic-energy resolution of aboutDEkin
550 meV. The two fine-structure components XeII
5p4(1D2)6p@2#5/2 and 5p4(1D2)6p@2#3/2, separated by
only 34 meV ~cf. Table I!, are not distinguishable in the
electron spectra. In the fluorescence analysis~Fig. 2!, the
corresponding lines appear well separated atl ~fluo!
5478.80 nm@5p4(1D2)6p@2#5/2→5p4(3P1)5d@2#3/2# and
485.35 nm @5p4(1D2)6p@2#3/2→5p4(3P1)5d@2#3/2#. In
fact, all five Auger lines in Table I, in particular the weak X
II 5p4(3P2)7s lines, are hardly resolved in the electron spe
tra @10#, but can be clearly distinguished by dispersed flu

FIG. 2. Part of the dispersed fluorescence spectrum obta
upon excitation of the Xe* 4d5/2

216p resonance using high spectr
resolution@Dl ~fluo! 5 0.08 nm#. Some of the lines are labeled b
the initial state of the radiative transition~for details, see the tex
and Table II!.
3-3
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TABLE I. Comparison between results obtained by means of resonant Auger electron and dispersed fluorescence spectrosco
Xe II states, the 5s25p4 configuration of the ionic core has always been left out. The jK notation is taken from Ref.@37#.

Electron spectrum, Ref.@10# Fluorescence spectrum, this work
Kinetic energy Relative Final ionic state l ~fluo! Relative

Initial ionic state ~eV! intensity ~nm! intensity

(1D2)6p@2#3/2 36.621 70 (3P0)5d@2#3/2 407.32 30
(1D)6p 2D3/2 (3P1)5d@1#3/2 416.20 226

(1D2)6s@2#5/2 447.10 242
(3P1)5d@2#3/2 485.35 246
(1D2)6s@2#3/2 526.15 1662

(1D2)6p@2#5/2 36.587 77 (3P1)5d@3#7/2 420.34 50
(1D)6p 2D5/2 (1D2)6s@2#5/2 441.49 1385

(3P1)5d@2#3/2 478.80 360
(3P1)5d@2#5/2 512.57 320
(1D2)6s@2#3/2 518.40 299
(3P1)5d@3#5/2 572.62 697

(3P2)7s@2#5/2 36.550 6.2 (3P2)6p@2#5/2 486.20 121
(3P)7s 4P5/2 (3P2)6p@3#7/2 531.36 100
(1D2)6p@1#1/2 36.521 102 (3P1)5d@1#3/2 402.43 313
(1D)6p 2P1/2 (3P1)5d@2#3/2 466.86 1484
(3P2)7s@2#3/2 36.474 6.7 (3P2)6p@2#3/2 467.40 42
(3P)7s 2P3/2 (3P2)6p@3#5/2 507.98 81
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rescence spectroscopy. In the present experiment, it was
sible to disentangle unambiguously all fine-structu
components of the XeII 5p4(1S0 ,1D2 ,3P0,1,2)6p@K#J mul-
tiplet. The used spectral resolution ofDl ~fluo! 5 0.08 nm
would correspond to a kinetic-energy resolution ofDEkin

50.5 meV in the resonant Xe* 4d5/2
216p Auger spectrum.

Only recently could the XeII 5p46p states be completely
resolved by means of very high-resolution electron spect
copy @11# using the high brilliance of a third-generation sy
chrotron radiation source and its high photon-energy res
tion, which enables studies under extreme resonant Ra
conditions. The energy resolution in this experiment has b
estimated to aboutDEkin510 meV.

The main drawback of fluorescence studies on exc
ions produced upon inner-shell excitation is related to p
sible effects of radiation cascades, which distort the pop
tion and polarization of the initial states of the measu
optical transitions@39,40#. The radiation cascades might d
velop in many steps via different intermediate states a
therefore, can lead to the emission of several photons. In
present case of Xe ions produced upon resonant 4d→6p
excitation, the Auger decay leads not only to the XeII 5p46p
states, but also to the higher-lying states, mainly to 5p47p
levels caused by the shakeup process and also quite
ciently to some of the 5p47s and 5p46d levels formed by
the conjugate shakeup process. The corresponding ele
transitions manifest themselves as satellite lines in the r
nant Auger spectra@10#. Therefore, an additional populatio
of Xe II 5p46p states via a radiative cascade is possible.
example, up to 8.5% of the relative population of the co
figuration 5p46p arises from the cascade decay of the co
figuration 5p47p according to a configuration-average es
mate @32#. For the individual 5p46p multiplet levels, the
02270
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population by cascade processes can be much larger. F
rescence transitions from the XeII 5p47p levels to the
lower-lying 6d or 7s levels have not been observed in o
measurements, because they give rise to emission in
wavelength regionl ~fluo! .610 nm @37#. But we could
clearly identify some lines attributed to the decays XeII

5p47s→5p46p @e.g., the lines atl ~fluo! 5 486.2 nm, 508.1
nm, and 509.2 nm in Fig. 2# as well as to the decays XeII
5p46d→5p46p @e.g. several lines aroundl ~fluo! 5 454 nm
and 458 nm#. For the determination of the initial populatio
and the initial alignment of the XeII 5p46p states formed
upon the resonant Auger decay, the possibility of cascad
has to be taken into account in the analysis of the fluor
cence data for each fine-structure level of the 5p46p con-
figuration.

B. Polarization of fluorescence

The experimental determination of the alignment of t
Xe II 5p46p states, which are produced after the reson
Auger decay, was obtained by measuring the degree of lin
polarizationPL for the observed fluorescence lines accord
to Eq. ~1!. The results are presented in Table II, where
transitions are ordered according to the initial state. The r
tive intensities are normalized arbitrarily by setting the inte
sity of the strongest line in the spectrum atl ~fluo! 5 460.26
nm to 100. The corresponding fluorescence spectra are
played in Fig. 3~a! for the wavelength region between 50
and 545 nm. The spectra have been recorded with the ax
the polarizer oriented parallel~dotted line, directionPi in
Fig. 1! and perpendicular~solid line, directionP' in Fig. 1!
to the polarization vector of the SR light. As for these me
surements, the spectral resolution was slightly reduced@Dl
3-4
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TABLE II. Radiative transitions from the XeII 5p46p ionic states observed upon excitation to the Xe* 4d5/2
216p resonance. The relative

intensities are taken from the high-resolution spectra~cf. Fig. 2!. The numbering of initial states is according to Ref.@17#. Intensities are
normalized to the strong (3P2)6p@1#3/2→(3P2)6s@2#3/2 transition atl ~fluo! 5 460.26 nm, for which the intensity was arbitrarily set to 10
The initial states withJ5

1
2 cannot be aligned. The most reliable values of the observed alignment are indicated with bold type.

No. Initial state Final state

l ~fluo! ~nm!

Intensity PL A 20
o (J)@37# This work

1 (3P2)6p@2#3/2 (3P2)6s@2#5/2 533.933 533.93 4.5 10.016~33! 20.12(25)

(3P2)6s@2#3/2 597.646 597.60 2.0 20.044(62) À0.08„11…
2 (3P2)6p@2#5/2 (3P2)6s@2#5/2 529.222 529.21 22.7 10.178~10! ¿0.32„2…

(3P2)5d@2#5/2 603.620 603.60 2.1 10.166~76! 10.30~14!

(3P2)5d@3#7/2 605.115 605.05 3.5 20.111(70) 10.60~37!

3 (3P2)6p@3#5/2 (3P2)6s@2#3/2 541.915 541.88 33.4 20.273(10) ¿0.50„2…
(3P2)5d@3#7/2 553.107 553.08 3.0 20.146(48) 10.78~25!

(3P2)5d@2#3/2 571.961 571.94 2.7 20.262(61) 10.49~11!

4 (3P2)6p@1#1/2 (3P2)6s@2#3/2 537.239 537.22 6.7 20.036(38)

(3P2)5d@2#3/2 566.756 566.77 2.7 20.054(62)

(3P2)5d@1#1/2 594.553 594.48 1.2 20.028(61)

5 (3P2)6p@3#7/2 (3P2)6s@2#5/2 484.433 484.40 9.9 10.069~25! À0.16„6…
(3P2)5d@3#7/2 547.261 547.22 0.9 20.176(130) 20.29(20)

6 (3P2)6p@1#3/2 (3P2)6s@2#3/2 460.303 460.26 100 20.045(15) À0.08„3…
(3P2)5d@2#5/2 467.456 467.40 3.5 10.026~45! 20.19(34)

(3P2)5d@2#3/2 481.802 481.77 7.5 20.054(25) 20.10(5)

7 (3P0)6p@1#1/2 (3P2)5d@1#1/2 424.388 424.36 1.5 20.020(60)

(3P0)6s@0#1/2 519.137 519.12 7.9 10.018~35!

8 (3P1)6p@0#1/2 (3P2)5d@1#1/2 411.041 410.89 3.2 20.009(28)

(3P1)6s@1#3/2 543.896 543.85 5.0 10.005~25!

9 (3P0)6p@1#3/2 (3P0)6s@0#1/2 488.353 488.31 31.2 10.061~8! À0.09„1…
(3P1)6s@1#3/2 530.927 530.90 5.3 20.043(20) 20.08(4)

10 (3P1)6p@2#5/2 (3P1)6s@1#3/2 492.148 492.14 2.9 20.005(25) ¿0.01„5…
11 (3P1)6p@2#3/2 (3P0)6s@0#1/2 452.421 452.41 6.5 10.092~38! À0.14„6…

(3P1)6s@1#3/2 488.730 488.67 7.1 10.032~22! 10.06~4!

12 (3P1)6p@1#3/2 (3P1)6s@1#3/2 465.194 465.23 6.1 10.104~48! 10.20~9!

(3P1)5d@1#1/2 498.877 498.82 2.8 20.131(45) 10.19~6!

(3P2)5d@0#1/2 545.045 545.02 2.0 20.120(64) 10.17~9!

(3P1)6s@1#1/2 575.103 575.06 4.1 20.161(42) ¿0.23„6…
13 (3P1)6p@1#1/2 (3P1)5d@1#1/2 491.966 491.95 4.6 20.004(28)

(3P2)5d@0#1/2 536.807 536.75 1.6 20.011(51)

(3P1)6s@1#1/2 565.938 565.93 3.5 20.033(44)

14 (1D2)6p@3#5/2 (3P1)5d@1#3/2 476.905 476.94 0.5 0.00~10! 0.00„20…
(3P1)5d@2#3/2 569.961 569.91 0.3 20.003(100) 10.01~20!

15 (1D2)6p@1#3/2 (3P2)5d@1#3/2 410.495 410.49 3.0 20.009(82) 20.02(15)

(3P2)5d@0#1/2 421.469 421.42 18.3 10.041~18! 20.06(3)

(3P0)5d@2#3/2 448.595 448.60 2.5 20.076(85) 20.14(15)

(3P0)5d@2#5/2 461.550 461.54 14.5 10.020~21! 20.15(16)

(1D2)6s@2#5/2 497.271 497.29 35.0 10.028~6! À0.21„5…
(3P1)5d@2#5/2 589.329 589.34 6.0 20.011(26) 10.08~19!

(1D2)6s@2#3/2 597.113 597.09 6.6 20.039(34) 20.07(6)

16 (1D2)6p@3#7/2 (3P0)5d@2#5/2 453.249 453.24 0.9 10.178~110! À0.42„27…
17 (1D2)6p@2#3/2 (3P1)5d@1#3/2 416.216 416.20 3.6 10.066~100! 10.12~19!

(1D2)6s@2#5/2 447.090 447.10 3.7 20.022(64) 10.16~47!

(3P1)5d@2#3/2 485.377 485.35 3.8 10.082~45! 10.16~9!

(1D2)6s@2#3/2 526.195 526.15 26.2 10.067~6! ¿0.13„1…
022703-5
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TABLE II. ~Continued!.

No. Initial state Final state

l ~fluo! ~nm!

Intensity PL A 20
o (J)@37# This work

18 (1D2)6p@2#5/2 (1D2)6s@2#5/2 441.484 441.49 21.8 10.185~19! 10.34~4!

(3P1)5d@2#3/2 478.777 478.80 5.7 20.198(38) 10.37~7!

(3P1)5d@2#5/2 512.570 512.57 5.0 10.221~26! 10.41~5!

(1D2)6s@2#3/2 518.448 518.40 4.7 20.201(37) 10.38~7!

(3P1)5d@3#5/2 572.691 572.62 11.0 10.198~15! ¿0.36„3…
19 (1D2)6p@1#1/2 (3P1)5d@1#3/2 402.519 402.43 4.9 10.015~35!

(3P1)5d@2#3/2 466.849 466.86 23.4 0
20 (1S0)6p@1#1/2 (1D2)5d@1#3/2 413.881 413.85 0.2 20.020(100)

(1S0)6s@0#1/2 526.831 526.82 0.8 10.056~95!

21 (1S0)6p@1#3/2 (1D2)5d@1#1/2 450.711 450.70 7.9 10.131~51! 20.20(8)
(1S0)6s@0#1/2 501.283 501.32 14.1 10.078~10! À0.12„2…
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~fluo! 5 0.2 nm#; a high-resolution spectrum is added in Fi
3~b! for comparison and to allow for a better waveleng
calibration. Some of the lines show clearly considera
changes of their relative intensities, while others are alm
unaffected by the change of polarization. Possi
polarization-dependent differences in the optical transm
sions of the setup for the two polarization directions ha
been corrected by normalizing the spectra to the same in
sity for the line atl ~fluo! 5 466.86 nm~not shown in Fig.
3!, which is due to a transition XeII 5p4(1D2)6p@1#1/2

FIG. 3. ~a! Part of the dispersed fluorescence spectra obta
upon excitation of the Xe* 4d5/2

216p resonance with the axis of th
polarizer directed parallel~dotted line! and perpendicular~solid
line! to the polarization vector of the exciting synchrotron radiatio
The spectral resolution in the fluorescence analysis was set toDl
~fluo! 5 0.2 nm. The differences in intensity of the individual line
are given separately as a histogram on top of the figure. Transit
are labeled according to the initial XeII 5p46p states introduced in
Table II, while the numbers in parentheses refer to the ordering
respect to the final states in the same table.~b! High-resolution
fluorescence spectrum@Dl ~fluo! 5 0.08 nm# shown for a clearer
identification of the observed transitions.
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→5p4(3P1)5d@2#3/2. For initial states with total angula
momentumJ5 1

2 , no polarization effect can be observed a
the intensity in both spectra has to be the same. In the
spectra, a difference of less than 5% in the total intensity w
found, indicating an almost polarization-independent tra
mission. The validity and correctness of this normalizati
procedure are demonstrated by the results for the other fl
rescence lines originating from states withJ5 1

2 ~cf. states 4,
7, 8, 13, 19, and 20 in Table II!, which all show a vanishing
small degree of polarization within the estimated error ba

Most of the other transitions from the XeII 5p46p states
are characterized by a pronounced effect of polarizati
~Remember that the values ofPL given in Table II corre-
spond to 80% polarization of the SR.! In general, the degree
of polarization is found to be quite high for transitions fro
initial levels having highJ values, but the sign ofPL can be
different for different final states of the fluorescence tran
tions. The latter is related to the fact that the degree of
larizationPL for the fluorescence transitions depends on
initial as well as on the final state. To demonstrate the c
sistency of our data already at this level, transitions from
same XeII 5p46p multiplet state and to final states with th
same total angular momentumJf have to be compared. Fo
example, the two transitions from (3P2)6p@2#5/2 leading to
Jf5

5
2 ~see the initial state 2 in Table II! show the same large

positive polarization, whereas the transition to theJf5
7
2 fi-

nal state has a negative sign. Similar examples can be
served for other initial states~e.g., states 6, 12, and 18!.
Some of the lines, mainly those with quite low intensi
show larger error bars than the given value for the polari
tion degree. These lines can only give a tendency and i
cate the limit of our experimental precision.

In order to deduce from the polarization data, which a
values specific to the fluorescence transitions, a more gen
quantity characterizing the physical process of interest,
the Auger decay, we have determined the alignment of
corresponding initial ionic states. The alignmentA20(J) of
the Xe II 5p46p states produced upon the resonant Aug
decay represents a link to the theoretical treatment of
Auger decay~see below!. The observed alignmentA 20

o (J) is

d

.
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given by the relation~e.g.,@41#, p. 121!

A 20
o ~J!5

1

a2

2PL

PL23
~J>1!, ~2!

where the coefficienta2 is defined by

a25~21!J1Jf11A3

2
A2J11 H 1 1 2

J J Jf
J . ~3!

J and Jf represent the total angular momenta of the init
and final state of the fluorescence transition, respectiv
The standard notation for the Wigner 6j symbol is used.
Note that the alignmentA 20

o (J) in Eq. ~2! is taken in the
coordinate system with thez axis parallel to the electric field
of the linearly polarized SR. For comparison with other me
surements and with theory, the alignment observed in
experiment with elliptically polarized SR has to be tran
formed to the alignment parameter of the photoion for
case of pure linearly polarized SR. Since the spatial sym
try in observing the polarization of fluorescence in the c
of the resonant Auger process is identical to the correspo
ing measurements on direct photoionization and resona
fluorescence, we can use known equations@41,42# to account
for the not complete polarization of the SR. With definitio
~1! and the geometry displayed in Fig. 1, the degree of lin
polarization of fluorescencePL in Eq. ~2! should be trans-
formed according to

PL→
2PL

PL~12Pl cos 2w0!1~11Pl cos 2w0!
. ~4!

HerePl is the degree of linear polarization of the SR andw0
is the azimuth angle of its principal polarization axis. T
value of PL is insensitive to small deviations ofw0 from 0,
as is the case in our experiments@36#.

The values for the alignment~2! with the correction~4!
are summarized in the last column of Table II. We introduc
additional errors forA 20

o (J) due to uncertainties in the valu
of Pl50.8060.05. The data show now a much greater co
sistency than the data forPL , i.e., the values for the align
ment extracted from different fluorescence lines originat
from the same ion level are, within the error bars, in go
accordance. In order to make further comparison easier
have indicated the most reliable values with bold-type ch
acters. The criteria have been the intensity of the lines
the position of the lines in the spectrum, i.e., the possibi
to separate them completely from other close-lying tran
tions. In the rest of the discussion, only these values will
used.

IV. THEORY

The theoretical description of the alignment of the i
after the resonant Auger decay utilizes the two-step mode
our case well justified experimentally@43#: first, the resonant
Auger state is photoexcited,

g1A~J0!→A* ~Ji !,
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which decays during the second step by ejection of the Au
electron,

A* ~Ji !→A1~J!1eA .

We denote byJ0 and Ji the total angular momenta of th
initial and photoexcited atomic states, respectively. Stand
methods of statistical tensor formalism can be used to
press the alignment of the ionA1(J) in terms of the Auger
decay amplitudes@41#. Implying the dipole approximation
for the photoexcitation by linearly polarized light and takin
into account the vanishing angular momentumJ0 for the
initial atomic state, we arrive at

A20~J!5A6~2J11! (
l j

~21!J1 j H 1 1 2

J J j J G l j

G
, ~5!

where

G l j 52p^J,« l j :Jt51 uu V uu Ji51&2 ~6!

are the partial Auger widths in the channel with the orbi
and total angular momenta,l and j, of the Auger electron;«
is the energy of the Auger electron; the total angular mom
tum of the intermediate photoexcited state is fixed toJi
51; Jt is the total angular momentum of the final state,Jt
5J1 j ; andG5( l j G l j is the total Auger decay width to th
given ionic stateA1(J). Equation~5! is a particular case of a
well-known expression from the theory of polarization tran
fer @44#.

For obtaining the numerical data of the partial Auger d
cay widthsG l j , we apply a relativistic distorted-wave ap
proximation. Here, the bound-state wave functions of
initial photoexcited Xe* 4d5/2

216p3/2 (Ji51) state and the
final Xe II 5p46p states are constructed using the multico
figurational Dirac-Fock~MCDF! computer code of Gran
et al. @45#. Intermediate coupling has been taken into acco
with the mixing coefficients determined in the average le
calculation mode. The calculation of the Auger transiti
matrix elements is done applying a relaxed orbital meth
Thus, the bound electron orbitals of the 4d5/2

216p3/2 (Ji51)
state are calculated in the field of the excited atom. On
other hand, the bound electron orbitals of the final state
calculated in the field of the singly ionized atom. While
single configuration approach has been used for the calc
tion of 4d5/2

216p3/2 (Ji51), the atomic state function of th
singly ionized final stateu p,pJ & with the total angular mo-
mentumJ and parityp is constructed as a linear combinatio
of j j -coupled configuration state functions~CSFs!,

u p,pJ &5 (
k51

np

ck
pu gk ,pJ &. ~7!

The labelp numerates the states for distinction. The labelgk
denotes the occupation of the different subshells and t
angular couplings, whileck

p (k51,2, . . . ,np) are the mixing
coefficients for the statep. The configuration statesu gk ,pJ &
3-7
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are constructed from antisymmetrized products of Dirac
bitals, which are eigenstates of the total~one-electron! angu-
lar momentum and parity.

To form the possible 5p4(3P)6p, 5p4(1D)6p, and
5p4(1S)6p final states, we included 13 CSFs occurring f
Auger transitions with a spectator Rydberg electron, i
6p3/2→6p3/2 transitions, as well as eight CSFs resulti
from the so-called spin-flip transitions 6p3/2→ 6p1/2. Thus,
a total of 21 CSFs have been considered in Eq.~7!.

The continuum wave function of the Auger electron
evaluated by solving the Dirac equation with an intermedi
coupling potential, which is constructed from the mixed C
of the final ionic state. Thereby, we take into account that
ejected Auger electron moves within the field of the resid
ion. A local energy-dependent potential@46# was introduced
to account for electron exchange between the continuum
the bound states. With this approximation, the transition m
trix elements, and thus the partial Auger widths~6!, are ob-
tained for calculating the relevant alignment parameters~5!.

Our approach goes beyond the spectator model use
previous calculations of angular distribution and sp
polarization parameters@14,23,24# by fully taking into ac-
count the variation of the intermediate ionic charge clo
through the excited Rydberg electron. It further exceed
more recent investigation of angular distribution and s
polarization in resonant Auger transitions@25,26# by taking
into account also the eight CSFs resulting from the spin-
transitions. Most recently, this approach has been app
for a detailed theoretical analysis of the spin-flip transiti
of the angle- and spin-resolved resonantly exci
Xe* (6p3/2)N5O23O23 Auger spectrum@47#.

Before comparing the calculated and the measured va
of the alignment of the photoion,A20(J) and A 20

o (J), the
effects of depolarization of the ionic states taking place d
ing their radiative lifetime have to be considered.

V. DEPOLARIZATION EFFECTS

With respect to the present experimental conditions, th
are mainly two depolarization effects that have to be ta
into account for the determination of the alignment for t
Xe II 5p46p levels formed after the resonant Auger dec
namely the hyperfine interactions and the fluorescence
cades.

A. Depolarization due to hyperfine interactions

The natural isotope mixture of Xe consists of appro
mately 26% of the isotope129Xe with nuclear spinI 5 1

2 ,
21% of 131Xe with I 5 3

2 , and other isotopes with vanishin
nuclear spin@48#. The hyperfine splitting of the XeII 5p46p
states in the129Xe and 131Xe isotopes is of the order o
1022103 MHz @49#. As the Auger decay width is muc
larger than this splitting, the hyperfine structure levels
populated coherently during the Auger decay. The nuc
spin is unpolarized immediately after the Auger process
its polarization is not observed. Therefore, to account for
depolarization due to a precession of the angular momen
J of the electronic shell of the ion about the total angu
02270
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momentumF 5 J 1 I , depolarization factors can be intro
duced similar to the cases of direct photoionization a
electron-impact excitation@41,50,51#,

A 20
h ~J!5G2~J!A20~J!. ~8!

Here A 20
h (J) is the alignment reduced by the hyperfine i

teractions,A20(J) is the alignment before the depolarizatio
is taken into account, andG2(J) is the depolarization factor
The widths of the 5p46p states are determined by the radi
tion lifetime of 5–10 ns@37,52#, and therefore are in the
range 15–30 MHz, which is much smaller than the hyperfi
level separation. For this case, the depolarization factor ta
the simple form

G2~J!5~2I 11!21(
F

~2F11!2H F F 2

J J I J
2

, ~9!

where the summation runs over all possible valuesF for a
given fine-structure level with the total angular momentumJ
of the electronic shell. For the isotope mixture, the depo
ization factor given in Eq.~9! should be weighted accordin
to the abundances of the isotopes. Taking particular value
the angular nomentaI andJ and the natural isotope mixtur
of Xe, we determine the following depolarization factors f
the Xe II fine-structure states:G2(J5 3

2 )50.75, G2(J5 5
2 )

50.83, andG2(J5 7
2 )50.89.

B. Depolarization due to radiation cascades

Depolarization effects due to the radiation cascade fr
higher-lying levels is usually very difficult to analyze, be
cause often many pathways are possible and not all of th
are completely known with respect to their transition pro
abilities as well as to the population and alignment of t
initial states of the cascades@40#. The 5p46p levels of XeII

formed upon resonant Auger decay can additionally be po
lated by radiation cascades via the states with configurat
5p47s and 5p46d, as well as via the highest states of th
5p45d configuration. The polarization of fluorescence lin
belonging to the transitions from these states to the lev
of the 5p46p configuration was found to be negligibl
in our experiment. This is confirmed, for example, by t
lines labeled 5d and 7s in Fig. 3, which show no polari-
zation dependence and which are attributed to tra
tions from 5p4(1S0)5d@2#5/2, 5p4(3P2)7s@2#3/2, and
5p4(1D2)7s@2#5/2 excited states. Therefore, the radiative d
cay to the 6p states can be considered as isotropic. The v
ishing small polarization of the above lines can be caused
a combination of a few factors: a loss of ionic alignment d
to a sharing of polarization between the unobserved pho
and the residual ion in the first step of the cascades from
7p states~e.g., @41#, p. 130!; depolarization due to the hy
perfine interactions existing in each ionic state involved
the cascades; mutual compensation of the alignments in
duced by several radiation transitions to the same fine st
ture 5p47s,6d,5d from different fine-structure 5p47p
states, as well as by the conjugate shakeup Auger transit
which populates the 7s, 6d, and 5d states directly; and al-
3-8
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ready small or zero initial alignment of particular 7p states
contributing to the population of the 7s, 6d, and 5d states by
the radiation transitions. Introducing the isotropic mod
simplifies considerably the description of the depolarizat
effect due to cascades in two respects. First, the depola
tion of a given 5p46p@K#J fine-structure level can be de
scribed by an identical increase of population for all its ma
netic substates. Similar to the case of the isotro
contributions into the anisotropic x-ray lines induced by p
ticle impact ionization@53#, this leads to the simple relatio

A 20
c ~J!5D~J!A20~J! ~10!

with the depolarization cascade factor

D~J!5
WA~J!

WA~J!1Wc~J!
. ~11!

Here A 20
c (J) is the alignment reduced by the cascade, a

WA(J) and Wc(J) stand for the population probabilities o
the fine-structure level formed directly by the Auger dec
and by the fluorescence cascade, respectively. Secondly
two depolarization mechanisms, due to the hyperfine inte
tions and due to cascades, are completely independent
cause they affect the statistical tensors of different ranks,
the additional isotropic population of the 5p46p levels aris-
ing from the cascade changes only the zero rank ten
while the hyperfine interactions affect only tensors with no
zero ranks~see the Appendix for more details!. As a result,
for the observed alignment, it follows from Eqs.~8! and~10!
that

A 20
o ~J!5D~J!G2~J!A20~J!, ~12!

where now the depolarization factorsD(J), Eq. ~11!, have to
be calculated in an appropriate model.

C. Calculation of depolarization cascade factors

Not all transition probabilities, which are needed to an
lyze the radiation cascades in XeII and to determine the
depolarization factorsD(J), Eq. ~11!, are known from the
literature. The data for the 7p→7s and 7p→6d transitions
@54# are especially scarce and not reliable enough to ca
late the cascades of interest, which incorporate thousand
pathways. Therefore, in order to find the depolarization f
tors, we performed extended calculations within
intermediate-coupling multiconfigurational Hartree-Fock a
proximation using the MCHF package of Froese Fisc
et al. @55#. The atomic model used in these calculations
briefly outlined below.

Within the MCHF approach, LS-coupled wave functio
are used as the basis in the multiconfiguration expansion~7!:

u p,pJ &5 (
k51

Np

Ck
p u gk ,pLkSk &, ~13!

whereLk andSk stand for the orbital angular momentum a
the spin of the CSF, respectively. To find the electron or
als, we started with the term-average calculation for
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5s25p46p configuration of XeII and then generated physic
nl orbitals in the frozen-core term-average approximat
for the corresponding 5s25p4nl configurations (nl

56s,7s,8s,7p,8p,5d,6d,7d,4f ,5f ). To account addition-
ally for electron correlations, we introduced the pseud

orbitals 9̄p, 9̄s, 8̄d, and 9̄d. The pseudo-orbital 9p̄ was
optimized on the energy of the XeII ground state in the

5p515p4(6p17p18p19̄p)15p39̄p2 2P calculation with

other electron orbitals fixed. The pseudo-orbitals 9s̄, 8̄d, and

9̄d were optimized in a similar way in the respective calc

lations 5p4(6s17s18s19̄s) 4P, 5s5p615s25p4(5d16d

17d18̄d) 2S, and 5p4(5d16d17d18̄d19̄d) 4F. Then
we took the configurations 5s25p5, 5s5p6, 5s25p46s,
5s25p47s, 5s25p46p, 5s25p47p, 5s25p45d, 5s25p46d,
and 5s25p44 f and generated configurations with single a
double replacements of the orbitals in the above set. T
new extensive set of configurations was further used in
diagonalization of the Breit-Pauli ionic Hamiltonian. Due
the computational restrictions in the final calculations,
took into account only those configurationsgk in Eq. ~13! for
which at least one of the coefficientsCk

p was greater than
0.01 for at least one of the levelsp participating in the radia-
tion cascade. Due to a slow convergence of the expan
~13!, we had to include, even with this restriction, dependi
on J, up to Np51900 CSFs, which result from 44 configu
rations for odd XeII levels and up toNp52800 CSFs result-
ing from 69 configurations for even XeII levels.

After the wave functions~13! were found, the optical
transition probabilities between all discrete fine-structu
levels of XeII were calculated. To find the cascade contrib
tions, a code was written, which uses the output list of tr
sitions from theLSJTRprogram@56# of the MCHF package as
an input and finds the percentage of population of fin
structure levels due to the cascade from a given initial s
by the direct summation over all possible pathways. T
relative population of the initial states in the cascade w
taken from the resonant Auger spectra@10#. There are ambi-
guities in the assignment of higher-lying XeII 5p47p,4f and
few lower-lying states. This breaks a one-to-one corresp
dence between an Auger line, which populates an initial le
of the cascade, and a calculated level. Although accordin
our theoretical energies a tentative assignment to som
these final XeII levels in the Auger decay could be given, w
have maintained the ambiguities in the assignment of
levels, which together with known experimental uncerta
ties in the intensities of the Auger lines@10# results in some
‘‘error bars’’ in the depolarization factors. Thus, having e
perimental data@10# for relative intensities of the Auger line
and calculating the radiation cascades as described abov
obtain the depolarization factors~11! for each fine-structure
Xe II 5p46p@K#J level.

The radiative lifetimes for all fine-structure levels partic
pating in the cascade are produced in the code as a
product. We used these numbers, as well as the optical t
sition probabilities, to additionally check the quality of ou
calculations. For example, our values for the lifetimes of
Xe II 5p46p@K#J fine-structure levels are within the rang
3-9
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TABLE III. Depolarization factors and alignment of the XeII 5p46p (J>1) ionic states upon excitation to the Xe* 4d5/2
216p resonance.

Experimental data from Ref.@32# ~last column! are corrected with the depolarization factorsD(J) andG2(J) from the present paper.

A20(J)

No. State
Energya

~eV! A 20
o (J) D(J) G2(J)

Expt.
this work

Calc.
this work

Calc.
@32#

Expt.
@32#

1 (3P2)6p@2#3/2 25.991 20.08(11) 0.53~17! 0.75 20.20(30) 20.054 20.190 20.07(29)
2 (3P2)6p@2#5/2 26.012 10.32~2! 0.67~7! 0.83 10.58~8! 10.830 10.794 10.71~9!

3 (3P2)6p@3#5/2 26.204 10.50~2! 0.77~14! 0.83 10.79~18! 10.792 10.806 10.80~18!

5 (3P2)6p@3#7/2 26.228 20.16(6) 0.53~14! 0.89 20.34(16) 20.396 20.377 20.17(7)
6 (3P2)6p@1#3/2 26.609 20.08(3) 0.96~2! 0.75 20.11(4) 20.118 20.045 20.12(2)
9 (3P0)6p@1#3/2 27.211 20.09(1) 0.88~1! 0.75 20.14(2) 10.018 20.195 20.08(2)

10 (3P1)6p@2#5/2 27.394 10.01~5! 0.27~17! 0.83 10.04~22! 10.320 10.180 10.21~20!

11 (3P1)6p@2#3/2 27.412 20.14(6) 0.95~0! 0.75 20.20(8) 20.081 20.123 20.07(2)
12 (3P1)6p@1#3/2 27.540 10.23~6! 0.94~3! 0.75 10.32~8! 10.656 10.359 10.15~7!

14 (1D2)6p@3#5/2 28.109 0.00~20! 0.51~26! 0.83 0.0~5! 10.503 10.368 20.30(32)
15 (1D2)6p@1#3/2 28.208 20.21(5) 0.91~1! 0.75 20.28(6) 10.484 20.033 20.08(5)
16 (1D2)6p@3#7/2 28.257 20.42(27) 0.81~12! 0.89 20.59(39) 20.297 20.288 20.06(6)
17 (1D2)6p@2#3/2 28.489 10.13~1! 0.98~1! 0.75 10.17~2! 10.060 10.322 10.01~4!

18 (1D2)6p@2#5/2 28.523 10.36~3! 0.96~3! 0.83 10.45~4! 10.517 10.491 10.73~5!

21 (1S0)6p@1#3/2 30.631 20.12(2) 0.97~0! 0.75 20.16(2) 20.200 20.198 20.08(2)

aThe energies of the XeII 5p46p states were determined using the experimental kinetic energies@12# and the excitation energy of the Xe*
4d5/2

216p (J51) state~65.110 eV!.
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5.5–9.5 ns; they are mostly larger by 1–2 ns than the va
calculated in@37# and agree systematically better with me
surements@52#.

VI. DISCUSSION

Table III summarizes the data for the observed and ini
alignment of the XeII ion produced upon resonant Aug
decay of the photoexcited 4d5/2

216p resonance. The depola
ization cascade factorsD(J) and the depolarization factor
due to the hyperfine interactionsG2(J) are given for indi-
vidual 5p46p fine-structure states. Our experimental and t
oretical results for the initial alignmentA20(J) are compared
to data from a complementary study@32#. In the latter, the
angular distribution of the fluorescence has been measu
but no corrections for the depolarization effects were int
duced in these results. The experimental values given in
last column of Table III are therefore also corrected by
depolarization parametersD(J) andG2(J) given in columns
5 and 6, respectively.

As expected from the preceding discussion, the value
experimentalA20(J) increase in absolute values with respe
to the observed alignmentA 20

o (J). Depolarization of the
fluorescence lines is generally large: the product of the
depolarization factorsD(J) G2(J) varies in a broad range o
0.2–0.8 when passing from one fine-structure ionic state
another and leads sometimes to corrections in the obse
alignment by a factor of 2 or 3~states 1, 2, 5, and 14! and
even more~state 10!. These ionic states correspond to t
weakest lines in the resonant Auger spectra@10#, indicating
their small direct population by the Auger decay. Therefo
the strong depolarization of these states due to the casc
is understandable. For some states, the depolarization fa
02270
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D(J) show a marked uncertainty due to ambiguities in t
Xe II level assignments, as discussed in Sec. V C. Large
different magnitudes of depolarization factors particula
emphasize that a consistent consideration of the depola
tion effects for individual ionic states is absolutely necessa
Note that for approximately half of the ionic states, mainly
the lower-energy region of the 5p46p manifold, the depolar-
ization due to the cascades is stronger than that due to
hyperfine interaction, while for the other half of the states
situation is the opposite.

The two sets of experimental data on the ionic alignm
A20(J) are in satisfactory agreement for the majority
states, taking into account rather large error bars for som
them ~states 1, 5, 10, and 14!. Nevertheless, in some case
the two data sets show clear discrepancies~states 15, 16, 17
18, and 21!. For example, for the states (1D2)6p@1#3/2 and
(1D2)6p@3#7/2 ~15 and 16 in Table III, respectively!, the
measurements of Lagutinet al. @32# show only a small nega
tive alignment, whereas in our experiment some noticea
values (20.28 and20.59) were found. The value obtaine
for line 16 has been deduced from a transition of very sm
intensity ~see Table II!, and our error bar, though alread
large, might still be underestimated. Most of the other d
crepancies can be explained by the choice of the refere
lines, which is different in both experiments. For examp
for lines 15 and 17 we have opted for the most intense tr
sitions~see Table II!, whereas in@32# transitions with smaller
intensities have been selected due to possible perturbatio
overlapping, unresolved transitions of the stronger lines.

To analyze in more detail the relationship between b
sets of experimental results with the theoretical predictio
we show in Table IV the results for the partial Auger dec
widths,G l j /G @see Eq.~5!#, from the present calculations an
3-10
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TABLE IV. Calculated relative partial Auger widths and alignmentA20(J) of the XeII 5p46p states.

Partial decay widths~%! A20(J)
Final This work @32# This

No. state «s1/2 «d3/2 «d5/2 «g7/2 «g9/2 «s1/2 «d3/2 «d5/2 «g7/2 «g9/2 work @32#

1 (3P)6p 4P3/2 0.5 15.0 84.4 0.3 1.2 98.5 20.054 20.190
2 (3P)6p 4P5/2 0.2 97.9 1.9 3.2 96.0 0.8 10.830 10.794
3 (3P)6p 2D5/2 3.1 95.7 1.2 2.3 96.6 1.2 10.792 10.806
4 (3P)6p 2S1/2 85.4 14.6 30.1 69.9 0 0
5 (3P)6p 4D7/2 30.7 1.5 67.8 25.4 1.5 73.1 20.395 20.377
6 (3P)6p 2P3/2 1.0 9.1 89.9 0.2 15.5 84.3 20.118 20.045
7 (3P)6p 2P1/2 30.1 69.9 0.0 100.0 0 0
8 (3P)6p 4P1/2 7.5 92.5 6.9 93.1 0 0
9 (3P)6p 2D3/2 0.0 21.8 78.2 0.0 0.4 99.6 10.018 20.195

10 (3P)6p 4D5/2 33.4 66.6 0.0 40.9 57.0 2.1 10.320 10.180
11 (3P)6p 4S3/2 0.5 12.3 87.2 0.1 8.1 91.8 20.081 20.123
12 (3P)6p 4D3/2 0.1 85.6 14.3 0.1 56.2 43.8 10.656 10.359
13 (3P)6p 4D1/2 1.4 98.6 1.4 98.6 0 0
14 (1D)6p 2F5/2 14.1 74.6 11.3 19.1 64.6 16.3 10.503 10.368
15 (1D)6p 2P3/2 10.5 76.8 12.7 1.9 18.3 79.8 10.484 20.033
16 (1D)6p 2F7/2 2.2 1.4 96.4 1.7 2.0 96.3 20.297 20.288
17 (1D)6p 2D3/2 13.7 36.9 49.4 3.3 55.4 41.3 10.060 10.322
18 (1D)6p 2D5/2 13.3 75.6 11.0 12.9 73.1 14.0 10.517 10.491
19 (1D)6p 2P1/2 78.7 21.3 15.6 84.4 0 0
20 (1S)6p 2P1/2 44.6 55.4 8.3 91.7 0 0
21 (1S)6p 2P3/2 0.0 0.0 100.0 0.0 0.2 99.8 20.200 20.198
r
-

o-
e

he

e

e
h
n
y
r

ri-
le
a
n
e

ne

as
er
er

ent
d
the
ntal
in

ions
e
ote

e

r
ed
lar

sent
or
ed
e
ar

s
pec-
ss,
y of
-
al
from the calculations in@32#. Table IV includes also six ionic
states 5p46p with J5 1

2 , which are not aligned. The Auge
decay into the final 5p46p state with the total angular mo
mentumJ gives partial waves« l j of the Auger electron with
j 5J, J61 for J. 1

2 and two partial waves,«s1/2 and«d3/2,
for J5 1

2 .
A close inspection of Table III shows that the two the

retical calculations of the alignment are in good agreem
for the 5p46p states with high angular momentaJ5 5

2 and
J5 7

2 , while the main discrepancies exist for most of t
states with lower angular momentumJ5 3

2 . This indicates
that the theoretical description of the decay into chann
with lower angular momenta of the Auger electron—«s1/2,
«d3/2, and «d5/2—are very sensitive to the details of th
theoretical model, which is confirmed by the values of t
relative decay widths in Table IV. Indeed, the relative co
tributions from the«s1/2 and«d3/2 channels to the total deca
width differ drastically in the two theoretical models for fou
out of the six states withJ5 1

2 ~states 4, 7, 19, and 20!.
Similarly, the contributions from the«d3/2 and «d5/2 chan-
nels differ strongly in the two models for most of the 5p46p
states withJ5 3

2 , especially for state 15. In contrast, cont
butions from the«g7/2 and«g9/2 channels seem rather stab
in the calculations. Since the centrifugal barrier does not
low the «g electrons to penetrate into the ionic core regio
one might deduce that the main source of the disagreem
arises from the behavior of the wave functions in the in
atomic region.

Comparing now the values of the alignment in the l
four columns of Table III, it is evident that there are furth
studies needed, both experimental and theoretical, in ord
02270
nt

ls

e
-

l-
,
nt
r

t

to

describe consistently the alignment of all XeII 5p46p states.
The results in all four columns are in very good agreem
only for a few states~2, 3, and 11!. For states 5, 16, 18, an
21, both calculations give close results in agreement with
present measurements, but disagree with the experime
data from@32#. For states 6 and 17, our calculations are
better agreement with both experiments than the calculat
@32#, while the calculations@32# are more favorable than th
present theoretical results for the states 9, 12, and 15. N
that the five latter states~6, 9, 12, 15, and 17! are the states
with the same angular momentumJ5 3

2 .
A critical test of the theory could be the study of th

orientation of the XeII 5p46p states, in particular of the
multiplet components withJ5 1

2 , when the resonant Auge
process is induced upon excitation with circularly polariz
light. The orientation can be measured by detecting circu
polarization of the fluorescence lines observed in the pre
experiment. The sensitivity of the relative decay width f
the «s1/2 and «d3/2 channels to the theoretical model us
will result in completely different predictions for the degre
of circular polarization of the fluorescence, with particul
values depending on the geometry of the setup.

VII. CONCLUSION

The linear polarization of XeII fluorescence lines ha
been investigated by means of dispersed fluorescence s
troscopy in the visible wavelength region in the proce
when the Xe ions are produced after resonant Auger deca
the photoexcited Xe* 4d5/2

216p state. The observed align
ment of the 5p46p ionic states could be related to the initi
3-11
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alignment induced directly after the Auger decay by accou
ing for depolarization effects. For most of the 5p46p@K#J
fine-structure levels, the deduced values of the initial ali
ment are in good agreement with other experimental d
derived from the angular distribution of the fluorescence
tensity @32#, although also few disagreements were found

Depolarization effects due to hyperfine interaction and
diative cascades have been analyzed theoretically in ord
obtain the initial alignment of the 5p46p states. Depolariza
tion is generally large and different for the different fin
structure levels. The analysis shows clearly that reliable
precise alignment parameters can only be determined f
fluorescence measurements when the radiative cascade
properly taken into account for individual fine-structure le
els, which is an elaborate task for complex atoms. To the
of our knowledge, this is the first time that such a compl
analysis has been undertaken for the resonant Auger pro
Experimentally, a time-resolved analysis of the fluoresce
decay or coincidence measurements between Auger elec
and fluorescence photons have to be used in future studi
show more clearly the importance and influence of the co
plex radiative cascades.

Calculations of the alignment of the 5p46p states after the
resonant Auger decay were performed in the multiconfigu
tional Dirac-Fock approximation. The derived values for t
initial alignment of the 5p46p states are generally in goo
agreement with the experimental data and with other theo
ical estimations@32#. The exception is some fine-structu
components with angular momentumJ5 3

2 . Our analysis
shows that the reason for the disagreement is a very
sensitivity of the partial Auger decay widths in the«s and«d
continuum channels to the theoretical model. The prese
experimental data on dispersed fluorescence spectros
and the resulting determination of the initial alignment of t
ionic states formed upon resonant Auger decay demons
clearly the importance of these measurements for a deta
verification of advanced theoretical models describing
complicated interactions in many-electron atoms.
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APPENDIX

The observed alignment, which is generally a function
the time window of the detectorDt, is expressed as
z
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A 20
o ~J,Dt !5

E
0

Dt

r20~J,t ! dt

E
0

Dt

r00~J,t ! dt

. ~A1!

The statistical tensorsrk0(J,t) are defined in terms of popu
lations WM of magnetic substates of the fine-structure le
J,

rk0~J,t !5C(
M

~21!J2M~JM,J2M u k0! WM~ t !,

~A2!

where (j 1m1 , j 2m2 u jm) is the Glebsch-Gordan coefficien
C is a normalization constant. Our experimental conditio
imply that the time of observation is much longer than
times typical for the process, including the development
the electromagnetic cascade, and thereforeDt in Eq. ~A1!
can be set to infinity. We choose the normalization const
C in Eq. ~A2! in such a way that the time-integrated statis
cal tensorr00(J,t) gives the total number of ions, whic
have decayed radiatively from the fine-structure levelJ dur-
ing the observation time:

E
0

`

r00~J,t ! dt5NA1Nc. ~A3!

HereNA andNc are the total numbers of excited ions at t
level J populated by the Auger decay and by the radiat
cascades, respectively.

The identical increase of the populationsWM for all mag-
netic substates of a level with angular momentumJ, as is the
case in our isotropic model of the cascade, affects only
statistical tensor with the rankk50: it follows from the defi-
nition ~A2! and the relation(M(21)J2M(JM,J2M u k0)
5A2J11 dk0. Therefore, only the hyperfine interactions a
fect the numerator in Eq.~A1!, where now the depolarization
factor G2(J) can be separated@41,51#,

E
0

`

r20~J,t ! dt5G2~J! r20
A ~J!. ~A4!

Here, we have assumed that the fast Auger process co
ently populates the hyperfine structure levels att50 produc-
ing the initial alignmentr20

A (J)[r20(J,t50). Putting Eqs.
~A3! and~A4! into Eq. ~A1! and dividing the numerator an
the denominator byNA, we obtain Eq.~12!.
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@11# G. Öhrwall, J. Bozek, and P. Baltzer, J. Electron Spectro
Relat. Phenom.104, 209 ~1999!.

@12# B. Langer, N. Berrah, A. Farhat, O. Hemmers, and J.D. Boz
Phys. Rev. A53, R1946~1996!.

@13# T.A. Carlson, D.R. Mullins, C.E. Beall, B.W. Yates, J.W. Ta
lor, D.W. Lindle, and F.A. Grimm, Phys. Rev. A39, 1170
~1989!.
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