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Xe 11 fluorescence, following the resonant Auger decay of thé ng,216p photoexcited state, has been
measured in the wavelength region 400 s\ (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 p*6p states produced by the Auger decay has been determined by taking into account
the depolarization of the radiatively decaying Xenultiplet 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 Xe5p*6p multiplet, providing reliable alignment parameters of the ionic
states produced upon resonant Auger decay.
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[. INTRODUCTION coincidence with the Auger electron and in noncoincidence
modes. Observations of fluorescence in coincidence with the
Photoinduced resonant Auger transitions are being exterAuger or autoionizing electron can constitute a complete ex-
sively investigated at present, benefiting from the developperiment in certain cas¢83]. Measurements of polarization
ment of new synchrotron sources, as well as high-resolutioand/or angular distribution of fluorescence without detecting
monochromators, and electron spectromeféis As illus-  the Auger electrons are an important step towards complete
trated by numerous articles, the decay of the resonantly phaaformation. The importance of measurements of the fluores-
toexcited Xé& 4d np states represents a showcase forcence is increasing even now, because, as has been discov-
studying the dynamics of the resonant Auger decay. Experiered very recently, the dynamical parameters describing the
mentally, the above resonances can easily and efficiently bangular distribution and spin polarization of Auger electrons
excited, and, from a theoretical point of view, the electronicare not independe84], and observation of only the Auger
structure of xenon is complex enough to require the incorpoelectron is not enough for a complete characterization of the
ration of interesting multielectron phenomena. Methods ofAuger process. The additional parameter accessible in ob-
electron spectroscopy have been used to study the energserving fluorescencéor excitation with linearly polarized
resolved resonant Auger specf-12] as well as the angu- light) is the alignment of the ion after the Auger decay. The
lar distribution of the Auger electrongl2—17. Electron-  alignment carries information about the ionization probabili-
electron coincidencegl8], a photoion yield method19], ties into different continuum channels, i.e., absolute ratios of
and observation of the ion fluorescerj@@] were utilized to  the Auger decay amplitudes, since the theoretical description
clearly identify the Auger lines and to determine the populaimplies a trace over the quantum numbers of the unobserved
tion pathways of the ion states. By means of spin-resolveduger electrons. In contrast, angular distribution and spin
electron spectroscopy, the spin polarization of the Augepolarization of the Auger electrons normally contain interfer-
electrons was measurg#ll], which enabled a determination ence between the decay amplitudes. Therefore, a more com-
of the ratio of complex Auger decay amplitudes for one ofplete understanding of the dynamics of the Auger decay and
the transitions. All these studies have stimulated considerabke better theoretical description can be achieved by combining
theoretical efforts to describe the resonant Auger decay in Xenformation from experiments analyzing Auger electrons and
[8-10,17,22—3R Although sophisticated calculations within fluorescence.
relativistic and semirelativistic approacHd®,17,31,32can Observation and spectral analysis of fluorescence photons
satisfactorily reproduce relative intensities and angular disin the visible wavelength region have certain experimental
tribution parameters for the majority of the Auger lines, thereadvantages in comparison with the spectroscopy of Auger
are still sizable discrepancies for some transitions and furthezlectrons, mainly because the fine structure of the residual
studies are necessary to clarify the remaining differences béen is much more easily resolved by an optical spectrometer
tween experiment and theory. than by an electron analyzer. In addition, fluorescence spec-
An extension of the above-mentioned studies is the analytra are free from spectral broadening introduced by the ex-
sis of polarization and/or angular distribution of the fluores-citing photon beam. Furthermore, several fluorescence tran-
cence lines originating from the radiative decay of excitedsitions from the same ionic state can often be observed,
states of the residual Xeion after the Auger decay, both in providing good possibilities for a cross checking of the mea-
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sured alignment. Upon photoexcitation of the*Xdd ™ '6p " T
resonances, the dominant relaxation channel is the resonal M

Auger decay to the Xal 5p*('S,'D,3P)6p and Xe P : #\)>“
5p*(S, D, 3P)7p states. Except for the Xe 5p*(*S)7p , I ES
levels, all these states are lying below the Xethreshold - L 74 > Pol

and the secondary Auger decay is energetically forbidden
Therefore, studies of the radiative decay of the aboval Xe
states provide unique direct access to the symmetry ant
alignment of the formed ions.

The first measurements of the dispersed fluorescence afte
the resonant Auger decay of the photoexcited .F
Xe* 4dg,%6p(J=1) state have been performed by Ehres- - M
mannet al. [20] in the wavelength range between 400 and
550 nm and in the vuv regiof®0 — 115 nm. They observed
the angular distribution of fluorescence lines from theiXe
5p*6p levels and they have deduced the alignment of the
photoion. In a recent paper, corrected experimental values of FIG. 1. Scheme of the experimental setup used to determine the
the alignment were presented together with a theoreticadegree of linear polarization for fluorescence transitions of Xe ions
analysis[32]. Unfortunately, the comparison between the produced upon resonantl4-6p excitation with synchrotron radia-
measurements and theoretical predictions was not straighion (SR). The optical elements are indicatedit) mirror, (L) lens,
forward, since effects of depolarization of the fine-structurelPo) polarizer, andES) entrance slit of the high-resolution spec-
ionic states taking place during their lifetime were not in- trometer. Polarization ellipse of the SR beam is indicated.

cluded and no conversion of the observed alignment into the ) ) o
initial value after the Auger decay has been undertaken. closely the one described earlier for the study of the emission

In the present paper, we extend the studies of dispersé&”owmg inner-shell excitation of s_maII moleculé3_5]. Th(_a
fluorescence by analyzing the degree of linear polarization 0§€0metry used here for the experiment on atomic Xe is de-
the fluorescence lines in the spectral range between 400 amifted in Fig. 1. Elliptically polarized SR is propagating in
610 nm with improved spectral resolution. Investigations onthez direction and the main axis of the polarization ellipse is
the angular distribution or the degree of linear polarization of¥ing close to a fixed axis with possible deviations in angle
the fluorescence should give equivalent information abougo- The linear polarization of the exciting photon beam has
the alignment of the Xa levels. In order to enable a com- been determined to about 80% by means of angular-resolved
parison of our data with theoretical predictions for the AugerPhotoelectron spectroscofi6]. The fluorescence photons
decay, we have converted the observed alignment into th@'® Produced in the region of interaction between the SR and
initial alignment by taking into account the depolarization of @0 effusive Xe gas jefinstalled in thex direction and not
the photoion states due to hyperfine interactions and radighown in Fig. 1. They are collected in the direction perpen-
tive cascades. Furthermore, we have performed calculatiorficular to thexz plane by a spherical mirror and a convex

for the initial alignment of the Xel 5p*6p states after the lens. This arrangement allows us to collect photons within a

Auger decay of the %56“\]:1) resonance in a multicon- cone of about 5° opening around tlyeaxis. Outside the

figurational Dirac-Fock approach and we compare them wittfXPerimental chamber, the parallel photon beam passes a
the measurements. commercial sheet polarizéPol), is deviated by a plane mir-

The paper is structured as follows. In Sec. II, the experif®"» and is refocused onto the entrance slit of a high-
mental setup is briefly described. In Sec. Ill, we discuss thé€solution fluorescence spectromet@obin Yvon HRA6D.

dispersed fluorescence spectra and their polarization depeF'—na”y' the wavelength-selected photons are registered by a

dence, and deduce the observed alignment of thelXe 2/9€ liquid-nitrogen-cooled CCD detector. The polarizer can

5p*6p states. A theoretical model is presented in Sec. IV tg°€ rotated around theaxis and enabled us to record spectra
describe the initial alignment of thep6p ionic states after where only the flgorescence l'ght W'th Its pollarlzanon vector
resonant Auger decay. In Sec. V, we establish the link bepargllel to the axis of the polarizer is transmitted. The degree
tween the observed alignment and the initial alignment afteP! linéar polarizationP, of the fluorescence was measured
the Auger decay by analyzing the depolarization effects fo y comb!nlng the f!uorescence mtensmes_ when the axis of
the radiatively decaying ionic states. Comparison of the ex!h€ polarizer was directed parallel to thexis, |, and per-
perimental and theoretical results is discussed in Sec. vI. Pendicular to it, i.e., parallel to theaxis, I, ,

fluorescence

N

L

=l

Il. EXPERIMENTAL SETUP L= .
| ”+ I,

@

The experiments have been performed at the Super-ACO
storage ring in OrsayFrance using the monochromatized For a detailed spectral analysis and the assignment of the
synchrotron radiatioSR) from the SU6 undulator beamline observed transitions, an 1800 lines/mm grating was used pro-
as the excitation source. The setup for the collection and theiding a resolution ofAN (fluo) = 0.08 nm. The spectra for
spectral analysis of the visible fluorescence light resemblethe investigation of polarization effects and the determina-
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=100 s
CP)7s2s,

| >

tion of the alignment have been recorded with a spectral *
resolution of AN (fluo) = 0.2 nm using a 300 lines/mm T
grating. Due to its lower dispersion, it is possible to acquire o
the complete spectral range with only one setting for the- : ('D6pI 11,
position of the grating. Typical count rates have been aboufz ,, | Dopllhpy ——— CPyTs(2lzn
50-100 counts/s in the strongest lines and typical acquisitiorg / ('Dy6p(2lss
times have been 30 min for one spectrum. The experimenta}
transmission of the setup has been controlled for the twog
polarization directiongparallel and perpendiculaby com- £
paring the intensities of fluorescence lines originating from CPy6d
states with angular momentud= 3, which should show a IT\\ ' |
vanishing degree of polarization. This point will be discussed o LA
in some detail in Sec. Il B. The production of excited ions s 400 aro 420 w0 500 510
5p*6p due to direct ionization in theor 5p shell of Xe fluorescence wavelength [nm]
has been checked by measuring dispersed fluorescence spec- _ :
tra upon excitation at nonresonant excitation energies. Only F!G- 2. Part of the d'Speﬁed fluorescence spectrum obtained
very little intensity has been found for radiative transitionsUPO" €xcitation of the Xe 4ds;;6p resonance using high spectral
from the 5%6p levels. This intensity originates dominantly reso.lu.t'.on[m‘ (fluo) = 0.08 r."ﬂ' Som?.c’f the “ne.'s are labeled by
B the initial state of the radiative transitidifor details, see the text
from the cascade population of thep%p levels from the and Table I
higher-lying 5“*ns and 5*nd satellite states, whereas the '
population of the $*6p levels via direct photoionization is An important difference in the results obtained by the
small[10]. For the final analysis of the resonant spectra, theAuger spectroscopy and the fluorescence spectroscopy shows
intensity of the emission connected with the direct photoion-up in the fact that the same ionic state appearing as a single
ization has been taken into account. Auger line gives rise to several fluorescence lines. For ex-
The energy calibration of the exciting SR has been obample, in the investigated wavelength region, the radiative
tained by recording total ion yield spectra in the regiondecay of the excited X& 5p*(*D,)6p[2]3, and &[2]s,
around the 4-np resonances andd4 ! ionization thresh-  states results in five and six observed fluorescence lines, re-
olds. An energy resolution ackhv(SR)=50 meV was used spectively, with different intensitiesee Table)l Similarly,
to excite the X& 4dg,216p resonance atv(SR)=65.1 eV. the strong line at\x (fluo) = 460.3 nm (labeled “A” in
The background pressure in the experimental chambdfig. 2) is related to the radiative transition Xe
was about K 10 8 mbar and was increased up tx80 % 5p*(3P,)6p[1]5,—5p*(3P,)65[2]3,, While the same ini-
mbar during the experiment. Xe gas of high pu@®p.99% tial state also gives rise to the weak linexatfluo) = 481.8
was used, having the natural composition of Xe isotopes. nm (labeled “A’”) attributed to the transition to the
5p*(®P,)5d[ 2], state. For a fixed initial ionic state, the
IIl. EXPERIMENTAL RESULTS relative intensities are determined by the corresponding op-
tical transition probabilities. In contrast, relative intensities
of the fluorescence lines originating from different initial
A total of about 108 lines with non-negligible intensity ionic states are governed by the relative population of these
have been observed in the dispersed fluorescence spectrasiates and, therefore, are correlated with the strengths of the
the wavelength region between 400 nm and 610 nm. All thesorresponding Auger transitions. For example, fluorescence
observed transitions were identified unambiguously accordlines attributed to decays of thgp@evels are generally much
ing to tabulated data for Xe [37] and Xell [38] radiative  stronger than those connected with thel&vels(cf. Fig. 2),
emissions. The majority of the observed lines can be attribin accordance with the relative strength of thp &nd %
uted to the radiative decay of the Xe5p*(1S,'D,3P)6p  Auger lines in the electron spectra.
multiplet to lower-lying Xen 5p*6s or 5p*5d states. In Even more important is the difference in energy resolution
order to bring out the correspondence as well as the differwhen comparing electron and fluorescence spectroscopy. All
ences between the analysis of Auger electrons and of fludive Auger lines given in Table | are part of a group of lines,
rescence photons, part of the high-resolution fluorescencghich are not completely resolved in the electron spectra of
spectrum covering the wavelength region between 450 nrhil0] with a total kinetic-energy resolution of aboitE,,
and 510 nm is displayed in Fig. 2. In addition, a few selected=50 meV. The two fine-structure components Xe
radiative transitions are presented in Table | together with th&p*(*D,)6p[2]s, and 5p*(*D,)6p[2]s,, separated by
corresponding data from resonant Auger spectros¢apy  only 34 meV (cf. Table ), are not distinguishable in the
The jK notation for the Xen states from[37] is used electron spectra. In the fluorescence analyBig. 2), the
throughout the paper; only in the first column of Table | havecorresponding lines appear well separated \at(fluo)
we also quoted the LSJ terms in order to facilitate the com=478.80 nm[5p*(*D,)6p[2]s,— 5p*(3P,)5d[2]3,] and
parison with the Auger data. A more comprehensive list 0f485.35 nm [5p*(1D,)6p[2]5,— 5p*(°P1)5d[2]3,]. In
observed radiation transitions from the Xe5p*6p levels fact, all five Auger lines in Table I, in particular the weak Xe
will be presented belowTable 1l) in the analysis of fluores- 11 5p*(°P,)7s lines, are hardly resolved in the electron spec-
cence polarization. tra[10], but can be clearly distinguished by dispersed fluo-

10 4

A. Dispersed fluorescence spectra
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TABLE |. Comparison between results obtained by means of resonant Auger electron and dispersed fluorescence spectroscopy. For the
Xe Il states, the §5p* configuration of the ionic core has always been left out. The jK notation is taken fronj 33f.

Electron spectrum, Ref10] Fluorescence spectrum, this work
Kinetic energy Relative Final ionic state \ (fluo) Relative
Initial ionic state (eV) intensity (nm) intensity
(*D,)6p[2]3 36.621 70 tPo)5d[2]3) 407.32 30
('D)6p Dy (3P1)5d[ 1], 416.20 226
(*D,)69[2]5 447.10 242
(®3P,)5d[2]3, 485.35 246
(*D,)69[2]3 526.15 1662
(*D,)6p[2]5 36.587 77 tP,)5d[ 3] 420.34 50
(‘D)6p Dsp (*D,)6s[ 25 441.49 1385
(®P,)5d[2]3, 478.80 360
(®P,)5d[2]5, 512.57 320
(*D,)69[2]3p 518.40 299
(®P,)5d[ 3]s 572.62 697
(®P,) 79[ 2152 36.550 6.2 tP,)6p[2]s) 486.20 121
(®P)7s “Ps, (®P,)6p[ 31712 531.36 100
(*D,)6p[1]12 36.521 102 tP)5d[1]3) 402.43 313
(‘D)6p 2Py (3P,)5d[ 2] 466.86 1484
(®3P,)7s[2]31 36.474 6.7 tP,)6p[2]3 467.40 42
(°P)7s ?Pg; (P,)6p[ 3]s 507.98 81

rescence spectroscopy. In the present experiment, it was pgsepulation by cascade processes can be much larger. Fluo-
sible to disentangle unambiguously all fine-structurerescence transitions from the Xe 5p*7p levels to the
components of the Xe 5p*(*Sy,'D,,%Pg12)6p[K]; mul-  lower-lying 6d or 7s levels have not been observed in our
tiplet. The used spectral resolution &i (fluo) = 0.08 nm  measurements, because they give rise to emission in the
would correspond to a kinetic-energy resolution ®E;,  wavelength regiom. (fluo) >610 nm[37]. But we could
=0.5 meV in the resonant Xe 4d;;6p Auger spectrum. clearly identify some lines attributed to the decays Xe
Only recently could the Xel 5p*6p states be completely 5p47s.5p46p [e.g., the lines at (fluo) = 486.2 nm, 508.1
resolved by means of very high-resolution electron spectrosnm, and 509.2 nm in Fig.]2as well as to the decays Xe
copy[11] using the high brilliance of a third-generation syn- 5p*6d—5p*6p [e.g. several lines around(fluo) = 454 nm
chrotron radiation source and its high photon-energy resoluznq 458 nri For the determination of the initial population
tion, which enables studies under extreme resonant Ramayp, 4 the initial alignment of the Xe 5p“6p states formed
conditions. The energy resolution in this experiment has beeﬂpon the resonant Auger decay, the possibility of cascading

estimated to aboul Ey,=10 meV. has to be taken into account in the analysis of the fluores-

_ The main drawback of fluorescence studies on excitedy o gata for each fine-structure level of the'@p con-
ions produced upon inner-shell excitation is related to pos;

sible effects of radiation cascades, which distort the populaﬁguratlon'
tion and polarization of the initial states of the measured
optical transitiong39,40. The radiation cascades might de-
velop in many steps via different intermediate states and, The experimental determination of the alignment of the
therefore, can lead to the emission of several photons. In thge 11 5p*6p states, which are produced after the resonant
present case of Xe ions produced upon resonaht-8p  Auger decay, was obtained by measuring the degree of linear
excitation, the Auger decay leads not only to thelX&p*6p  polarizationP, for the observed fluorescence lines according
states, but also to the higher-lying states, mainly pd7  to Eq. (1). The results are presented in Table Il, where the
levels caused by the shakeup process and also quite effransitions are ordered according to the initial state. The rela-
ciently to some of the p*7s and 5“6d levels formed by tive intensities are normalized arbitrarily by setting the inten-
the conjugate shakeup process. The corresponding electraity of the strongest line in the spectrumiatfluo) = 460.26
transitions manifest themselves as satellite lines in the resevm to 100. The corresponding fluorescence spectra are dis-
nant Auger spectrfl0]. Therefore, an additional population played in Fig. 8a) for the wavelength region between 500
of Xe Il 5p*6p states via a radiative cascade is possible. Foand 545 nm. The spectra have been recorded with the axis of
example, up to 8.5% of the relative population of the con-the polarizer oriented parall¢tiotted line, directionP) in
figuration 50*6p arises from the cascade decay of the con-Fig. 1) and perpendiculasolid line, directionP, in Fig. 1)
figuration 5%7p according to a configuration-average esti- to the polarization vector of the SR light. As for these mea-
mate [32]. For the individual H*6p multiplet levels, the surements, the spectral resolution was slightly rediiced

B. Polarization of fluorescence
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TABLE Il. Radiative transitions from the X& 5p“*6p ionic states observed upon excitation to the Xedg,216p resonance. The relative
intensities are taken from the high-resolution speétfaFig. 2. The numbering of initial states is according to Réf7]. Intensities are
normalized to the strong’P,)6p[ 1]5,— (3P,)6s[ 2]4, transition aix (fluo) = 460.26 nm, for which the intensity was arbitrarily set to 100.
The initial states withJ=% cannot be aligned. The most reliable values of the observed alignment are indicated with bold type.

\ (fluo) (nm)

No. Initial state Final state [37] This work Intensity P. AS(J)
1 (®P,)6p[2]3p (®P,)6s[2]5 533.933 533.93 45 +0.01633) —0.12(25)
(®P,)6s[ 213 597.646 597.60 2.0 —0.044(62) —0.0811)
2 (®P,)6p[2]5) (°P,)6s[2]5) 529.222 529.21 22.7 +0.17§10) +0.322)
(®P,)5d[2]5 603.620 603.60 2.1 +0.16676) +0.3014)
(®P,)5d[ 3] 605.115 605.05 35 —0.111(70) +0.6037)
3 (®P,)6p[ 3]s (®P,)65[2]31 541.915 541.88 33.4 —0.273(10) +0.50(2)
(®P,)5d[ 3] 553.107 553.08 3.0 —0.146(48) +0.7825)
(®P,)5d[2]4 571.961 571.94 2.7 —0.262(61) +0.4911)
4 (®P,)6p[1]1s (®P,)6s[2]35 537.239 537.22 6.7 —0.036(38)
(®P,)5d[2]3 566.756 566.77 2.7 —0.054(62)
(®P,)5d[ 1]y 594.553 594.48 1.2 —0.028(61)
5 (®P,)6p[3]2 (°P,)6s[2]5/ 484.433 484.40 9.9 +0.06925) —0.16(6)
(®P,)5d[ 3] 547.261 547.22 0.9 —0.176(130) —0.29(20)
6 (®P,)6p[1]3p (®P,)65[2]3 460.303 460.26 100 —0.045(15) —0.0813)
(°P,)5d[2]5) 467.456 467.40 35 +0.02645) —0.19(34)
(®P,)5d[2]4 481.802 481.77 7.5 —0.054(25) —0.10(5)
7 ((Po)6p[1]1s (®P,)5d[ 1], 424.388 424.36 1.5 —0.020(60)
(®P)6s[0]42 519.137 519.12 7.9 +0.01835)
8 (®P,)6p[0]1) (°P,)5d[ 1]y 411.041 410.89 3.2 —0.009(28)
(°P,)6s[1]3 543.896 543.85 5.0 +0.00525)
9 (®Po)6p[1]3 (®Py)6s[0]1/ 488.353 488.31 31.2 +0.0618) —0.091)
(®P,)6s[1]3 530.927 530.90 5.3 —0.043(20) —0.08(4)
10 CP,)6p[2]5 (°P,)6s[1]3 492.148 492.14 2.9 —0.005(25) +0.01(5)
11 CP,)6p[ 2132 (®Py)6s[0]1/ 452.421 452.41 6.5 +0.09238) —0.146)
(®P,)6s[1]3 488.730 488.67 7.1 +0.03222) +0.064)
12 CPy)6p[1]3 (®P1)6s[1]31 465.194 465.23 6.1 +0.10448) +0.2009)
(®P,)5d[ 1]y 498.877 498.82 2.8 —0.131(45) +0.196)
(°P,)5d[ 0]/ 545.045 545.02 2.0 —0.120(64) +0.179)
(®P,)6s[ 1] 575.103 575.06 4.1 —0.161(42) +0.236)
13 CP6P[1]12 (®P,)5d[ 1], 491.966 491.95 4.6 —0.004(28)
(°P,)5d[ 0]y 536.807 536.75 1.6 —0.011(51)
(®P,)6s[ 1] 565.938 565.93 35 —0.033(44)
14 (*D,)6p[ 3]s (®P,)5d[1]3 476.905 476.94 0.5 0.000) 0.00(20)
(®P,)5d[ 213 569.961 569.91 0.3 —0.003(100) +0.01(20)
15 (*D,)6p[ 113 (°P,)5d[1]4 410.495 410.49 3.0 —0.009(82) —0.02(15)
(°P,)5d 0], 421.469 421.42 18.3 +0.041(18) —0.06(3)
(®Py)5d[2]3 448.595 448.60 2.5 —0.076(85) —0.14(15)
(®Po)5d[ 215 461.550 461.54 145 +0.02021) —0.15(16)
(*D,)6s[2]5) 497.271 497.29 35.0 +0.0286) —0.21(5)
(®P,)5d[2]s 589.329 589.34 6.0 —0.011(26) +0.0819)
(*D,)6s[2]3 597.113 597.09 6.6 —0.039(34) —0.07(6)
16 (*D,)6p[3]72 (®Po)5d[2]5) 453.249 453.24 0.9 +0.178110 —0.4227)
17 (*D,)6p[2]3)2 (®P,)5d[1]4 416.216 416.20 3.6 +0.066100) +0.1219)
(*D,)6s[2]5) 447.090 447.10 3.7 —0.022(64) +0.1647)
(®P,)5d[2]3 485.377 485.35 3.8 +0.08245) +0.169)
(*D,)65[ 213 526.195 526.15 26.2 +0.0676) +0.131)
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TABLE Il. (Continued.

N\ (fluo) (nm)

No. Initial state Final state [37] This work Intensity PL A%(J)

18 (*D,)6p[2]s, (*D,)65[2]5), 441.484 441.49 21.8 +0.18519) +0.344)
(3P,)5d[ 2], 478.777 478.80 5.7 —0.198(38) +0.377)
(3P,)5d[ 2], 512.570 512.57 5.0 +0.22126) +0.41(5)
(*D,)6s[ 2] 518.448 518.40 47 —0.201(37) +0.397)
(®P1)5d[ 3]s 572.691 572.62 11.0 +0.19§15) +0.36(3)

19 (*D,)6p[1]1 (®P1)5d[1]3, 402.519 402.43 4.9 +0.01535)
(®P1)5d[2]3 466.849 466.86 23.4 0

20 (*Sy)6p[ 1112 (*D,)5d[1]3 413.881 413.85 0.2 —0.020(100)
(*S0)65[0]1/ 526.831 526.82 0.8 +0.05695)

21 (*Sy)6p[ 11372 (*D,)5d[ 1]y 450.711 450.70 7.9 +0.13151) —-0.20(8)
(1S0)65[ 071 501.283 501.32 14.1 +0.07810) —0.122)

(fluo) = 0.2 nm; a high-resolution spectrum is added in Fig. —5p*(3P,)5d[2]5,. For initial states with total angular

3(b) for comparison and to allow for a better wavelengthmomentuml= 3, no polarization effect can be observed and

calibration. Some of the lines show clearly considerablehe intensity in both spectra has to be the same. In the row

changes of their relative intensities, while others are almos§pectra, a difference of less than 5% in the total intensity was

unaffected by the change of polarization. Possiblefound, indicating an almost polarization-independent trans-

polarization-dependent differences in the optical transmismjssjon. The validity and correctness of this normalization

sions of the setup for the two polarization directions haveyocedure are demonstrated by the results for the other fluo-

been corrected by normalizing the spectra to the same inteagcence lines originating from states wath  (cf. states 4,

sity for the line at\ (fluo) = 466.86 nm(n%t fhown N Fig. 7 'g 13, 19, and 20 in Table)|lwhich all show a vanishing

3), which is due to a transition X@ 5p°("D2)6p[1liz  gmall degree of polarization within the estimated error bars.
Most of the other transitions from the Xe5p*6p states

are characterized by a pronounced effect of polarization.

IJ (Remember that the values & given in Table Il corre-
— n - [ spond to 80% polarization of the SRn general, the degree

of polarization is found to be quite high for transitions from
initial levels having highl values, but the sign d?, can be
different for different final states of the fluorescence transi-
= tions. The latter is related to the fact that the degree of po-
larization P, for the fluorescence transitions depends on the
/—4(1) t initial as well as on the final state. To demonstrate the con-

|
2

intensity (arb. units)
—

sistency of our data already at this level, transitions from the
same Xal 5p*6p multiplet state and to final states with the
same total angular momentudn have to be compared. For

b) example, the two transitions frontR,)6p[2]s, leading to
l Lo L Ji=3 (see the initial state 2 in Table)Ishow the same large
: : : e : positive polarization, whereas the transition to the=  fi-
500 510 520 530 540 nal state has a negative sign. Similar examples can be ob-
fluorescence wavelength (nm) served for other initial statee.g., states 6, 12, and )18

ome of the lines, mainly those with quite low intensity,

how larger error bars than the given value for the polariza-
tion degree. These lines can only give a tendency and indi-
cate the limit of our experimental precision.

FIG. 3. (a) Part of the dispersed fluorescence spectra obtaine
upon excitation of the X 4d,;6p resonance with the axis of the
polarizer directed paralle{dotted ling and perpendiculafsolid

line) to the polarization vector of the exciting synchrotron radiation. | der to ded f th larization dat hich
The spectral resolution in the fluorescence analysis was stk to n order 1o deduce irom the polarization data, which are

(fluo) = 0.2 nm. The differences in intensity of the individual lines Value‘?’ specific to t,h(,:" quorescenge transitions, a .more ger_1era|
are given separately as a histogram on top of the figure. Transitioridu@ntity characterizing the physical process of interest, i.e.,
are labeled according to the initial Xe5p*6p states introduced in  the Auger Qeca}y,- .vve.ha.ve determined the alignment of the
Table II, while the numbers in parentheses refer to the ordering wittforresponding initial ionic states. The alignme#j(J) of
respect to the final states in the same tabi®. High-resolution  the Xe 1l 5p*6p states produced upon the resonant Auger
fluorescence spectrufd\ (fluo) = 0.08 nii shown for a clearer decay represents a link to the theoretical treatment of the
identification of the observed transitions. Auger decay(see below. The observed alignmeot 34(J) is
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given by the relatior(e.g.,[41], p. 12] which decays during the second step by ejection of the Auger
electron,
T e S 2
S @ A*(3) A" (D) + s,

where the coefficient; is defined by We denote by, and J; the total angular momenta of the
3 11 2 initial and photoexcited atomic states, respectively. Standard
. I+l T methods of statistical tensor formalism can be used to ex-
ar= (=17 \[5 2J+1 [J J Jf]' ©® press the alignment of the ioh* (J) in terms of the Auger
decay amplitude$41]. Implying the dipole approximation
J and J; represent the total angular momenta of the initialfor the photoexcitation by linearly polarized light and taking
and final state of the fluorescence transition, respectivelyinto account the vanishing angular momentug for the
The standard notation for the Wignelj &ymbol is used. initial atomic state, we arrive at
Note that the alignment13,(J) in Eq. (2) is taken in the
coordinate system with theaxis parallel to the electric field 11 1 2|1,
of the linearly polarized SR. For comparison with other mea-  A20(J) = V6(2J+1) lE (- 1)J+J[ J J ] % 5)
surements and with theory, the alignment observed in our ! :
experiment with elliptically polarized SR has to be trans-
formed to the alignment parameter of the photoion for theWhere
case of pure linearly polarized SR. Since the spatial symme- . ’
try in observing the polarization of fluorescence in the case [j=2m(3,8lj:3=1[| V[ J=1) (6)
of the resonant Auger process is identical to the correspond-
ing measurements on direct photoionization and resonand®© the partial Auger widths in the channel with the orbital
fluorescence, we can use known equatietis4? to account ~ and total angular momentaandj, of the Auger electrong
for the not complete polarization of the SR. With definition is the energy of the Auger electron; the total angular momen-
(1) and the geometry displayed in Fig. 1, the degree of lineafum of the intermediate photoexcited state is fixedJto

polarization of fluorescencB| in Eq. (2) should be trans- =1; J; is the total angular momentum of the final stalg,
formed according to =J+j; andl'=%;I'}; is the total Auger decay width to the
given ionic stateA ™ (J). Equation(5) is a particular case of a
2P, well-known expression from the theory of polarization trans-
PL=p (1—P, cos - @ fer[44]
L 1 COS 2pg) +(1+ P cos 2Zpy)

For obtaining the numerical data of the partial Auger de-

HereP, is the degree of linear polarization of the SR angd @y widthsT';, we apply a relativistic distorted-wave ap-
is the azimuth angle of its principal polarization axis. TheProximation. Here, the bound-state wave functions of the

value of P, is insensitive to small deviations of, from 0, initial photoexcited X& 4ds;6pz;, (Jj=1) state and the

as is the case in our experimef8s]. final Xe 1 5p*6p states are constructed using the multicon-

The values for the alignmeri2) with the correction(4)  figurational Dirac-Fock(MCDF) computer code of Grant
are summarized in the last column of Table II. We introducecet al.[45]. Intermediate coupling has been taken into account
additional errors ford 3,(J) due to uncertainties in the value With the mixing coefficients determined in the average level
of P,=0.80+0.05. The data show now a much greater con-c@lculation mode. The calculation of the Auger transition
sistency than the data fd?, , i.e., the values for the align- matrix elements is done applying a relaxed orbital method.
ment extracted from different fluorescence lines originatingThus, the bound electron orbitals of thel#6ps, (J;=1)
from the same ion level are, within the error bars, in goodstate are calculated in the field of the excited atom. On the
accordance. In order to make further comparison easier, wether hand, the bound electron orbitals of the final state are
have indicated the most reliable values with bold-type charcalculated in the field of the singly ionized atom. While a
acters. The criteria have been the intensity of the lines anglingle configuration approach has been used for the calcula-
the position of the lines in the spectrum, i.e., the possibilitytion of 4dz36ps;, (J;=1), the atomic state function of the
to separate them completely from other close-lying transisingly ionized final stat¢p,wJ ) with the total angular mo-
tions. In the rest of the discussion, only these values will bementumJ and paritys is constructed as a linear combination
used. of jj-coupled configuration state functiofGSF3,

IV. THEORY o

[pomd)=2 cfl y,m). )
The theoretical description of the alignment of the ion k=1
after the resonant Auger decay utilizes the two-step model, in
our case well justified experimentall¢3]: first, the resonant The labelp numerates the states for distinction. The lajpgl

Auger state is photoexcited, denotes the occupation of the different subshells and their
angular couplings, whilef (k=1,2, ... np) are the mixing
v+A(Jg)—A*(J), coefficients for the statp. The configuration statdsy, ,7=J )
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are constructed from antisymmetrized products of Dirac ormomentumF = J + | , depolarization factors can be intro-
bitals, which are eigenstates of the toahe-electronangu- duced similar to the cases of direct photoionization and

lar momentum and parity. electron-impact excitatiop41,50,51,
To form the possible p*(3P)6p, 5p*(*D)6p, and A
5p*(1S)6p final states, we included 13 CSFs occurring for A2(3)=G2(J3) Azo(J). ®

Auger transitions with a spectator Rydberg electron, i.e.,
6p3— 6Py, transitions, as well as eight CSFs resulting Here A5(J) is the alignment reduced by the hyperfine in-
from the so-called spin-flip transitiong§,— 6py,. Thus, teractions,A,o(J) is the alignment before the depolarization
a total of 21 CSFs have been considered in & is taken into account, an@,(J) is the depolarization factor.
The continuum wave function of the Auger electron is The widths of the $*6p states are determined by the radia-
evaluated by solving the Dirac equation with an intermediatdion lifetime of 5-10 ns[37,52, and therefore are in the
coupling potential, which is constructed from the mixed CSFrange 15—-30 MHz, which is much smaller than the hyperfine
of the final ionic state. Thereby, we take into account that théevel separation. For this case, the depolarization factor takes
ejected Auger electron moves within the field of the residuathe simple form
ion. A local energy-dependent potentjdb] was introduced
to account for electron exchange between the continuum and 1 ’ F 22
the bound states. With this approximation, the transition ma- Ga(J)=(21+1) ; (2F+1) 3 3 1l ©)
trix elements, and thus the partial Auger widi6$, are ob-
tained for calculating the relevant alignment parame8rs where the summation runs over all possible valfefor a
Our approach goes beyond the spectator model used i en fine-structure level with the total angular momentiim
previous - calculations of angular distribution and spin-o¢ the electronic shell. For the isotope mixture, the depolar-
polarization parameterfl4,23,24 by fully taking into ac-  j;4tion factor given in Eq(9) should be weighted according
count the variation of the intermediate ionic charge cloudy, the apundances of the isotopes. Taking particular values of
through the excited Rydberg electron. It further exceeds g, angular nomenthandJ and the natural isotope mixture

more recent investigation of angular distribution and sping¢ ye ‘e determine the following depolarization factors for
polarization in resonant Auger transitiof@5,26 by taking  he Xe 11 fine-structure statess,(J=2)=0.75, G,(J=%)
into account also the eight CSFs resulting from the spin-flip_ g3 andG,(J=1)=0.89.

transitions. Most recently, this approach has been applied
for a detailed theoretical analysis of the spin-flip transition
of the angle- and spin-resolved resonantly excited
Xe* (6p32) N5O,50,5 Auger spectruni47]. Depolarization effects due to the radiation cascade from
Before comparing the calculated and the measured valudsigher-lying levels is usually very difficult to analyze, be-
of the alignment of the photoiond,(J) and A54(J), the  cause often many pathways are possible and not all of them
effects of depolarization of the ionic states taking place durare completely known with respect to their transition prob-
ing their radiative lifetime have to be considered. abilities as well as to the population and alignment of the
initial states of the cascadp40]. The 5p*6p levels of Xell
formed upon resonant Auger decay can additionally be popu-
lated by radiation cascades via the states with configurations
With respect to the present experimental conditions, ther8p*7s and 5%6d, as well as via the highest states of the
are mainly two depolarization effects that have to be takerpp“5d configuration. The polarization of fluorescence lines
into account for the determination of the alignment for thebelonging to the transitions from these states to the levels
Xe Il 5p*6p levels formed after the resonant Auger decay,of the 5p*6p configuration was found to be negligible

namely the hyperfine interactions and the fluorescence ca#? our experiment. This is confirmed, for example, by the
cades. lines labeled 8 and % in Fig. 3, which show no polari-

zation dependence and which are attributed to transi-
tions from H4(1S)5d[2]s,, 5p*(°P,)78[2]5, and
5p*(1D,) 7s[ 2]5, excited states. Therefore, the radiative de-

The natural isotope mixture of Xe consists of approxi-cay to the § states can be considered as isotropic. The van-
mately 26% of the isotopd?®Xe with nuclear spinl =2, ishing small polarization of the above lines can be caused by
21% of 3%Xe with | =%, and other isotopes with vanishing a combination of a few factors: a loss of ionic alignment due
nuclear spir{48]. The hyperfine splitting of the Xe 5p*6p  to a sharing of polarization between the unobserved photon
states in the'?®Xe and '3Xe isotopes is of the order of and the residual ion in the first step of the cascades from the
10°—10° MHz [49]. As the Auger decay width is much 7p states(e.g.,[41], p. 130; depolarization due to the hy-
larger than this splitting, the hyperfine structure levels areperfine interactions existing in each ionic state involved in
populated coherently during the Auger decay. The nucleathe cascades; mutual compensation of the alignments intro-
spin is unpolarized immediately after the Auger process anduced by several radiation transitions to the same fine struc-
its polarization is not observed. Therefore, to account for théure 5p*7s,6d,5d from different fine-structure B*7p
depolarization due to a precession of the angular momenturistates, as well as by the conjugate shakeup Auger transitions,
J of the electronic shell of the ion about the total angularwhich populates thed, 6d, and 5 states directly; and al-

B. Depolarization due to radiation cascades

V. DEPOLARIZATION EFFECTS

A. Depolarization due to hyperfine interactions
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ready small or zero initial alignment of particulap &tates  5s?5p*6p configuration of Xal and then generated physical

contributing to the population of thes76d, and & states by 1,/ grpitals in the frozen-core term-average approximation
the radiation transitions. Introducing the isotropic modelt,. ihe corresponding $5p*n/ configurations K/
simplifies considerably the description of the depolarization_ 65,75,8s,7p,8p,5d,6d,7d,4f,5¢). To account addition-

effect due to cascades in two respects. First, the deF)Ol""“Z%’IIy for electron correlations, we introduced the pseudo-
bitals 9, 9s, 8d, and 3. The pseudo-orbital |9 was

tion of a given H*6p[K]; fine-structure level can be de-
scribed by an identical increase of population for all its mag-Cro'& )

netic substates. Similar to the case of the isotropic®Ptimized on the energy of the Xe ground state in the
contributions into the anisotropic x-ray lines induced by par-5p°+5p*(6p+7p+8p-+ 9p) +5p>9p? 2P calculation with
ticle impact ionizatior{53], this leads to the simple relation qther electron orbitals fixed. The pseudo-orbitass 8d, and

ASy(3)=D(J) Ayg(J) (10) 9d were optimized in a similar way in the respective calcu-
_ o lations 5p*#(6s+ 7s+ 8s+9s) *P, 5s5p°+5s25p*(5d+ 6d
with the depolarization cascade factor +7d+8d)2S, and $*(5d+6d+7d+8d+9d) “F. Then

WA) we took the configurations 55p°, 5s5p®, 5s°5p*6s,
- v (11)  5s°5p*7s, 5s°5p*6p, 55°5p*7p, 5s°5p*5d, 5s°5p”6d,
WA(J) +We(J) and %?5p*4f and generated configurations with single and
. ) ) double replacements of the orbitals in the above set. This
Here A3¢(J) is the alignment reduced by the cascade, anchew extensive set of configurations was further used in the
WA(J) and W°(J) stand for the population probabilities of giagonalization of the Breit-Pauli ionic Hamiltonian. Due to
the fine-structure level formed directly by the Auger decaythe computational restrictions in the final calculations, we
and by the fluorescence cascade, respectively. Secondly, th§ok into account only those configuratiopgin Eq. (13) for
two depolarization mechanisms, due to the hyperfine interaGyhich at least one of the coefficien@ was greater than
tions and due to cascades, are completely independent, b§1 for at least one of the levaisparticipating in the radia-
cause they affect the statistical tensors of different ranks, i.ejon cascade. Due to a slow convergence of the expansion
the additional isotropic population of thep®6p levels aris- (13), we had to include, even with this restriction, depending
ing from the cascade changes only the zero rank tensog, J, up toN,=1900 CSFs, which result from 44 configu-
while the hyperfine interactions affect only tensors with non-54ions for odra Xai levels and up tdN, = 2800 CSFs result-
zero ranks(see the Appendix for more detgils\s a result, ing from 69 configurations for even g(le levels.
for the observed alignment, it follows from Ed8) and(10) After the wave functiong13) were found, the optical

that transition probabilities between all discrete fine-structure
o _ levels of Xel were calculated. To find the cascade contribu-
A2l ) =D()G2(I) Azl ), (12) tions, a code was written, which uses the output list of tran-

where now the depolarization factdJ), Eq. (11), have to sitions from theLsaTRprogram[56] of the MCHF package as

be calculated in an appropriate model. an input and finds the percentage of population of fine-
structure levels due to the cascade from a given initial state

by the direct summation over all possible pathways. The
relative population of the initial states in the cascade was
Not all transition probabilities, which are needed to ana-taken from the resonant Auger spedtt@]. There are ambi-
lyze the radiation cascades in Xeand to determine the guities in the assignment of higher-lying Xe5p*7p,4f and
depolarization factor®(J), Eg. (11), are known from the few lower-lying states. This breaks a one-to-one correspon-
literature. The data for thep/—7s and 7p— 6d transitions  dence between an Auger line, which populates an initial level
[54] are especially scarce and not reliable enough to calcwf the cascade, and a calculated level. Although according to
late the cascades of interest, which incorporate thousands efir theoretical energies a tentative assignment to some of
pathways. Therefore, in order to find the depolarization facthese final Xai levels in the Auger decay could be given, we
tors, we performed extended calculations within anhave maintained the ambiguities in the assignment of the
intermediate-coupling multiconfigurational Hartree-Fock ap-levels, which together with known experimental uncertain-
proximation using the MCHF package of Froese Fischeties in the intensities of the Auger ling¢0] results in some
et al. [55]. The atomic model used in these calculations is“error bars” in the depolarization factors. Thus, having ex-
briefly outlined below. perimental dat&10] for relative intensities of the Auger lines
Within the MCHF approach, LS-coupled wave functions and calculating the radiation cascades as described above, we
are used as the basis in the multiconfiguration expan§jon obtain the depolarization factot41) for each fine-structure
N Xe 11 5p*6p[K]; level.
_ The radiative lifetimes for all fine-structure levels partici-
|p’77‘]>_k21 CRI 7 mLiSc), (13 pating in the cascade are produced in the code as a by-
product. We used these numbers, as well as the optical tran-
whereL, andS, stand for the orbital angular momentum and sition probabilities, to additionally check the quality of our
the spin of the CSF, respectively. To find the electron orbit-calculations. For example, our values for the lifetimes of the
als, we started with the term-average calculation for theXe 11 5p*6p[K]; fine-structure levels are within the range

D(J)

C. Calculation of depolarization cascade factors
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TABLE Ill. Depolarization factors and alignment of the Xe&5p*6p (J=1) ionic states upon excitation to the ’>(e4d§,216p resonance.
Experimental data from Ref32] (last column are corrected with the depolarization fact@§J) andG,(J) from the present paper.

Azo(J)
Energy? Expt. Calc. Calc. Expt.

No. State (eV) A%(J) D(@J) G,(J) this work this work [32] [32]

1 (®P,)6p[2]s,  25.991  —0.08(11)  0.58L7) 075  —0.20(30) —0.054 —0.190 —0.07(29)

2 (P,6p[2]s,  26.012  +0.322) 0.677) 0.83 +0.588) +0.830  +0.794  +0.719)

3 (P,)6p[3ls,  26.204  +0.502) 0.77(14) 0.83 +0.7918) +0.792  +0.806  +0.80(18)

5  (3P,)6p[3];,  26.228  —0.16(6) 0.5814) 089  —0.34(16) —0396 —0377 —0.17(7)

6  (3Pp6p[llsy,  26.609  —0.08(3) 0.962) 075  —0.11(4) -0.118  —0.045 —0.12(2)

9 (Py6p[llsy,  27.211  —0.09(1) 0.881) 075  —0.14(2) +0.018  -0.195 —0.08(2)
10 (P)6p[2ls,  27.394  +0.01(5) 0.2717) 0.83  +0.0422 +0.320  +0.180  +0.2120)
11 (P,)6p[2]s, 27412  —0.14(6)  0.9%0) 075  —0.20(8) —-0.081 -0123 —0.07(2)
12 CGP,)6p[1ls, 27540  +0.236) 0.943) 0.75 +0.328) +0.656  +0.359  +0.157)
14  (*D,)6p[3]s,  28.109 000 05126  0.83 0.05) +0.503  +0.368 —0.30(32)
15  (‘Dy)6p[llsy,  28.208  —0.21(5) 0.911) 0.75  —0.28(6) +0.484  —0.033 —0.08(5)
16  (‘D,)6p[3],,  28.257  —0.42(27) 0.8112) 089  —059(39) —0297 —0288 —0.06(6)
17 (‘D,6p[2]s, 28489  +0.131) 0.991) 0.75 +0.172) +0.060  +0.322  +0.014)
18  (*D,)6p[2]s, 28523  +0.363) 0.963) 0.83  +0.454) +0.517  +0.491  +0.735)
21 (*sy6p[lls,  30.631  —0.12(2) 0.970) 075  —0.16(2) -0.200 —0.198 —0.08(2)

@The energies of the Xe 5p*6p states were determined using the experimental kinetic endrtpésind the excitation energy of the Xe
4d;36p (J=1) state(65.110 eV.

5.5-9.5 ns; they are mostly larger by 1-2 ns than the valueB(J) show a marked uncertainty due to ambiguities in the
calculated in[37] and agree systematically better with mea- Xe 11 level assignments, as discussed in Sec. V C. Large and
surementg52]. different magnitudes of depolarization factors particularly
emphasize that a consistent consideration of the depolariza-
tion effects for individual ionic states is absolutely necessary.
Note that for approximately half of the ionic states, mainly in
Table 1ll summarizes the data for the observed and initiathe lower-energy region of thep86p manifold, the depolar-
alignment of the Xell ion produced upon resonant Auger ization due to the cascades is stronger than that due to the
decay of the photoexciteddg,;6p resonance. The depolar- hyperfine interaction, while for the other half of the states the
ization cascade facto®(J) and the depolarization factors sjtuation is the opposite.
due to the hyperfine interactiorG,(J) are given for indi- The two sets of experimental data on the ionic alignment
vidual 5p*6p fine-structure states. Our experimental and the-4,,(J) are in satisfactory agreement for the majority of
oretical results for the initial alignmend,o(J) are compared states, taking into account rather large error bars for some of
to data from a complementary stufi§2]. In the latter, the them (states 1, 5, 10, and L4Nevertheless, in some cases
angular distribution of the fluorescence has been measurethe two data sets show clear discrepan¢states 15, 16, 17,
but no corrections for the depolarization effects were intro-18, and 21 For example, for the states@y,)6p[1],, and
duced in these results. The experimental values given in th€'D,)6p[3],, (15 and 16 in Table Ill, respectivelythe
last column of Table Il are therefore also corrected by themeasurements of Lagutat al.[32] show only a small nega-
depolarization parameteB(J) andG,(J) given in columns  tive alignment, whereas in our experiment some noticeable
5 and 6, respectively. values (~0.28 and—0.59) were found. The value obtained
As expected from the preceding discussion, the values dbr line 16 has been deduced from a transition of very small
experimentald,q(J) increase in absolute values with respectintensity (see Table ), and our error bar, though already
to the observed alignmentl5,(J). Depolarization of the large, might still be underestimated. Most of the other dis-
fluorescence lines is generally large: the product of the twarepancies can be explained by the choice of the reference
depolarization factor® (J) G,(J) varies in a broad range of lines, which is different in both experiments. For example,
0.2-0.8 when passing from one fine-structure ionic state tfor lines 15 and 17 we have opted for the most intense tran-
another and leads sometimes to corrections in the observesitions(see Table I, whereas if132] transitions with smaller
alignment by a factor of 2 or &tates 1, 2, 5, and 14nd intensities have been selected due to possible perturbation by
even more(state 10. These ionic states correspond to theoverlapping, unresolved transitions of the stronger lines.
weakest lines in the resonant Auger spe¢fr@], indicating To analyze in more detall the relationship between both
their small direct population by the Auger decay. Thereforesets of experimental results with the theoretical predictions,
the strong depolarization of these states due to the cascades show in Table IV the results for the partial Auger decay
is understandable. For some states, the depolarization factorgdths,I'j; /T" [see Eq(5)], from the present calculations and

VI. DISCUSSION
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TABLE IV. Calculated relative partial Auger widths and alignmetdy(J) of the Xen 5p*6p states.

Partial decay width$%) Aso(J)
Final This work [32] This

No state eSyp  ely, edsp  eQ7p  e0gp  €Syp ey edsp  eQ7p eop work [32]

1 (CP)6p“Pyp, 05 150 84.4 0.3 1.2 985 —0.054 —0.190

2 (CP)6p“Pg; 0.2 97.9 1.9 32 96.0 0.8 +0.830 +0.794

3 (®P)6p?Dsy 3.1 95.7 1.2 23  96.6 1.2 +0.792  +0.806

4 (®P)6p?sS,, 854 146 30.1 69.9 0 0

5  ((P)6p“*Dyp 30.7 1.5 678 25.4 1.5 731 -0.395 —0.377

6 (®P)6p 2Py, 1.0 9.1 89.9 0.2 155 84.3 —0.118 —0.045

7  (CP)6p?P, 301 699 0.0 100.0 0 0

8  (CP)6p“*Py; 75 925 6.9 93.1 0 0

9  (°P)6p2Dyp, 0.0 218 78.2 0.0 04 996 +0.018 —0.195
10  (P)6p“*Dgp 33.4 66.6 0.0 409 57.0 2.1 +0.320 +0.180
11 (GP)6p *sy, 05 123 87.2 0.1 81 918 -0.081 -0.123
12 (P)6p“*Dyp 0.1 856 14.3 0.1 56.2  43.8 +0.656  +0.359
13 (CP)6p“*Dyp 1.4  98.6 1.4 98.6 0 0
14  (*D)6p2Fgy, 14.1 746 113 191 646 163 +0.503  +0.368
15  (*D)6p2Py, 105  76.8 12.7 1.9 183 798 +0.484 —0.033
16  (*D)6p2F,p, 2.2 1.4 964 1.7 20 963 —0.297 -—0.288
17  (*D)6p2%Dy, 137  36.9 49.4 3.3 55.4  41.3 +0.060 +0.322
18  (*D)6p2Dg), 13.3 756  11.0 129 731 140 +0.517 +0.491
19 (D)6p2Py, 787 213 15.6 84.4 0 0
20 (*s)ep?P,, 446 554 8.3 91.7 0 0
21 (*S)6p 2Py, 0.0 0.0 100.0 0.0 02 998 —0.200 —0.198

from the calculations ifi32]. Table IV includes also six ionic  describe consistently the alignment of all X&p“6p states.
states $*6p with J=3, which are not aligned. The Auger The results in all four columns are in very good agreement
decay into the final p*6p state with the total angular mo- only for a few state$2, 3, and 11 For states 5, 16, 18, and
mentumJ gives partial waveslj of the Auger electron with 21, both calculations give close results in agreement with the
j=J,J=1 for J>3 and two partial waves;s,;, andeds,, present measurements, but disagree with the experimental
for J=1. data from[32]. For states 6 and 17, our calculations are in
A close inspection of Table Il shows that the two theo- better agreement with both experiments than the calculations
retical calculations of the alignment are in good agreemenit32], while the calculation§32] are more favorable than the
for the 5p*6p states with high angular momenda=2 and  present theoretical results for the states 9, 12, and 15. Note
J=1%, while the main discrepancies exist for most of thethat the five latter state@®, 9, 12, 15, and J7are the states
states with lower angular momentud¥ 2. This indicates with the same angular momentuiw- 3.
that the theoretical description of the decay into channels A critical test of the theory could be the study of the
with lower angular momenta of the Auger electroasrs,, orientation of the Xen 5p*6p states, in particular of the
eds,, and eds,—are very sensitive to the details of the multiplet components witd=3, when the resonant Auger
theoretical model, which is confirmed by the values of theprocess is induced upon excitation with circularly polarized
relative decay widths in Table IV. Indeed, the relative con-light. The orientation can be measured by detecting circular
tributions from thess,, andeds, channels to the total decay polarization of the fluorescence lines observed in the present
width differ drastically in the two theoretical models for four experiment. The sensitivity of the relative decay width for
out of the six states witll=3% (states 4, 7, 19, and 20 the es;, and ed3, channels to the theoretical model used
Similarly, the contributions from thed,, and eds;, chan-  Will result in completely different predictions for the degree
nels differ strongly in the two models for most of the®®p  of circular polarization of the fluorescence, with particular
states withJ= 2, especially for state 15. In contrast, contri- values depending on the geometry of the setup.
butions from thes g, andegg, channels seem rather stable
in the calculations. Since the centrifugal barrier does not al- VIl. CONCLUSION
low the eg electrons to penetrate into the ionic core region,
one might deduce that the main source of the disagreement The linear polarization of Xel fluorescence lines has
arises from the behavior of the wave functions in the innefeen investigated by means of dispersed fluorescence spec-
atomic region. troscopy in the visible wavelength region in the process,
Comparing now the values of the alignment in the lastwhen the Xe ions are produced after resonant Auger decay of
four columns of Table 111, it is evident that there are further the photoexcited Xe 4d;;6p state. The observed align-
studies needed, both experimental and theoretical, in order tment of the H*6p ionic states could be related to the initial
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alignment induced directly after the Auger decay by account- At

ing for depolarization effects. For most of the@%p[K], p20(J,t) dt

fine-structure levels, the deduced values of the initial align- ASy(J,At)= OA (A1)
ment are in good agreement with other experimental data f ! (3,1) dt

derived from the angular distribution of the fluorescence in- Poot

tensity[32], although also few disagreements were found.

Depolarization effects due to hyperfine interaction and ra-The statistical tensors,o(J,t) are defined in terms of popu-

diative cascades have been analyzed theoretically in order {gtionsw,, of magnetic substates of the fine-structure level
obtain the initial alignment of the5'6p states. Depolariza-

tion is generally large and different for the different fine-
structure levels. The analysis shows clearly that reliable and
precise alignment parameters can only be determined from  p,(J,t)=C>, (—1)°"M(IM,J—M | kO) Wy (1),
fluorescence measurements when the radiative cascades are M
properly taken into account for individual fine-structure lev- (A2)
els, which is an elaborate task for complex atoms. To the best
of our knowledge, this is the first time that such a completavhere (;my,j,m; | jm) is the Glebsch-Gordan coefficient;
analysis has been undertaken for the resonant Auger proce$sis a normalization constant. Our experimental conditions
Experimentally, a time-resolved analysis of the fluorescencénply that the time of observation is much longer than all
decay or coincidence measurements between Auger electrofigies typical for the process, including the development of
and fluorescence photons have to be used in future studies @ electromagnetic cascade, and therefbtein Eq. (A1)
show more clearly the importance and influence of the comcan be set to infinity. We choose the normalization constant
plex radiative cascades. Cin Eq. (A2) in such a way that the time-integrated statisti-
Calculations of the alignment of thep%6p states after the Cal tensorpoy(J,t) gives the total number of ions, which
resonant Auger decay were performed in the multiconfigurahave decayed radiatively from the fine-structure leleur-
tional Dirac-Fock approximation. The derived values for theing the observation time:
initial alignment of the $*6p states are generally in good
agreement with the experimental data and with other theoret- o
ical estimationg32]. The exception is some fine-structure j
components with angular momentui=3. Our analysis
shows that the reason for the disagreement is a very higplereNA
sensitivity of the partial Auger decay widths in the anded |
continuum channels to the theoretical model. The presente

experimental _data on d_isp_ersed quo_re_s_cen(_:e SPECIrOSCORY 116 igentical increase of the populationg, for all mag-
and the resulting determination of the initial alignment of the etic substates of a level with angular momentiymas is the

lonic states formed upon resonant Auger decay demonstra Sse in our isotropic model of the cascade, affects only the
clearly the importance of these measurements for a detaile

verification of advanced theoretical models describing theS atistical tensor with the rarke=0: it follows irom the defi-

complicated interactions in many-electron atoms hition (A2) and the relationzy(—1)"""(IM,J—M | k0)

’ =+2J+1 8. Therefore, only the hyperfine interactions af-
fect the numerator in EqA1), where now the depolarization
factor G,(J) can be separatdd1,51],

. poo(J,t) dt=NA+NE, (A3)

andN¢ are the total numbers of excited ions at the
vel J populated by the Auger decay and by the radiative
ascades, respectively.
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| pd3:0) dt=Go(J) (). (Ad)

Here, we have assumed that the fast Auger process coher-
ently populates the hyperfine structure levels=a0d produc-

ing the initial alignmentp’z*o(J)Epzo(J,t=0). Putting Eqgs.
The observed alignment, which is generally a function of(A3) and(A4) into Eq.(Al) and dividing the numerator and

APPENDIX

the time window of the detectakt, is expressed as the denominator byN*, we obtain Eq(12).
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