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Study of xenon 4, 5p, and 5s photoionization in the shape-resonance region
using spin-resolved electron spectroscopy

G. Snell"2" U. Hergenhah#,N. Miiller,* M. Dreschet: J. Viefhaus U. Becker? and U. Heinzmanh
tUniversita Bielefeld, 33501 Bielefeld, Germany
2Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany
(Received 31 August 2000; published 13 February 2001

Photoionization of Xe atoms is investigated close to the maximum of ¢thehépe resonance by means of
spin-resolved photoelectron spectroscopy. Using circularly and linearly polarized synchrotron radiation of
93.8-eV energy, we investigate the photoionization processes ofthBs; and 41 shells. By combination of
earlier data for the partial and differential cross sections with our measurements, we are able to perform a
complete characterization of the Xe $hotoionization process, i.e., we can determine all the relativistic dipole
matrix elements. Comparison with different theoretical calculations shows the importance of relaxation effects
at this photon energy.
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I. INTRODUCTION relativistic model, by means of spin- and angle-resolved
electron spectroscopy.

The 4d photoionization process of xenon has been a In this work, we report on spin polarization measurements
showcase subject of inner-shell ionization for more tharmof Xe 5s, 5p, and 4 photoelectrons using circularly and
three decades, and a benchmark experiment for theoreticlihearly polarized synchrotron radiation of 93.8-eV energy.
models. This is because the photoionization of this subsheBy critically analyzing the process of data extraction from
exhibits strong electron correlation effe¢fid in addition to  our measured quantities and values obtained from the litera-
pronounced single-particle phenomef@] such as shape ture, we are able to uniquely determine relativistic dipole
resonances and Cooper minif@4], which makes it diffi-  matrix element amplitudes and phase differences together
cult to distinguish between different origins for a certain be-with a calibration for the polarization sensitivi§.; and the
havior of the partial cross section, as well as other quantitie;mstrumental asymmetry of our electron polarimeter. Since
amenable to photoionization studies. Despite the large nunthis process of data analysis is crucial to our results, it will be
ber of partial cross-section and angular distribution studieglescribed in some detail. Results will be compared with the-
[5], only a very few experiments were able to derive infor-oretical work using several variants of the random-phase-
mation beyond these quantities in order to give a completapproximation (RPA) theory, and explicit forms for all
description of Xe 4 photoionization in terms of the dipole photoionization observables considered in this work in terms
matrix element$6-9. of dipole amplitudes and phase differences are given in the

A complete characterization of a photoionization processAppendix.
means that all quantities which describe the photon-atom in- A common feature among all experimertiscluding the
teraction quantum mechanically are determined. This notiopresent ongwhich gives a complete description of an inner-
is obviously model dependent. Experiments on valencahell photoionization process is that, in addition to measure-
shells were performed using gas discharge lamps and syments on the photoelectron, information about the photoion
chrotron radiation up to a photon energy of approximately 4Qs used. The polarization of the photoion is obtained from
eV [10]. The first “complete experiment” on an inner shell angular distribution and spin polarization measurements of
described Mg P photoionization within thé.S-coupling ap-  Auger electrons, which are emitted during the decay of the
proximation with three experimental parametid]. For  inner-shell hole. This is in accordance with a recent finding
inner-shell processes, it seems more appropriate to start froby Schmidtkeet al. [12], that a complete set of relativistic
a relativistic description of the process, that is, photoionizadipole matrix elements cannot be obtained solely from the
tion amplitudes are characterized by quantum numbeargl  properties of the photoelectron.

j of the outgoing electron, and and J; of the initial and Highly differential measurements, which are needed for a
final ionic states. Within the relativistic model the X&l 4 complete characterization of a photoionization process, are
inner-shell photoionization process was characterized by Katechnically difficult to perform on atomic inner shells for
mmerling and co-workerg6,7] and Schaphorst al.[8] us-  several reasons. In general, photoionization cross sections
ing electron-electron coincidence spectroscopy. As an alterdecrease with increasing photon enef§y. The measure-
native approach, in the present paper we describe a detailedent of the spin polarization of electrons utilizing Mott-
investigation of Xe 4l photoionization in the framework of a scattering results in a decrease of the electron intensity by
2-3 orders of magnitudgl3]. Coincidence techniques are
also technically demanding, and often result in low coun-
*Present address: Lawrence Berkeley National Laboratory, Unitrates. Furthermore, circularly polarized radiation has to be
versity of California, Berkeley, CA 94720. used, otherwise two of the three components of the photo-
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MOTT POLARIMETER ,_(9) MCP 2 LIGHT [25] consisting of a gold mirror and a Si photodiode. This

EXR POLARIMETER polarimeter itself cannot distinguish between unpolarized

MCP1 Y2 o and circularly polarized radiation. However, by successively

ELECTRON DR'FTTUBE\ ' > rotating the multilayer and the polarimeter around the light

axis, the polarization of the incoming ligltie., before the

GRATING ) PHOTODIODE multilayen and the optical properties of the multilayer and
ﬂ the polarimeter could be determingd6,27. The almost
UNDULATOR GAS INLET completely linearly polarized undulator beams, in conjunc-

tion with a 90° phase shift of the multilayer, resulted in a
) high degree of circular polarizatiolBW3: P.=0.991);
MoiSh - MULTILAYER UL: Pgc=0.97(2)].

The energy and polarization analysis of the outgoing elec-

trons was performed by a time-of-fligif OF) spectrometer
combined with a spherical Mott polarimeter of the Rice type
[28], operated at 45 kV. Due to the substantial loss of signal
intensity during Mott scattering, our experiment benefited
Ocr?nsiderably from the_ TOF techn_iquefs inherent ca_pability o_f
inner shells of free atoms practically impossible until re_5|mul_tan_eous acqu_lsmon—an_d n .th's case add|t|0_nal spin
polarization analysis—of all lines in a spectrum. Since for

cently. The development of new sources for high intensityTOF lect ¢ lsed liaht th
circularly polarized synchrotron radiation, such as the helical electron Spectroscopy a pulsed ight source with appro-

undulator of the European Synchrotron Radiation Facilitypr'ate timing is essential, the five-bunch mode of the Hasylab

; ; N ; torage ring At=192ns) and the single-bunch mode of the
(ESRB storage rind 14,15, in combination with a very ef- s . a
ficient spectrometer systefil6], allowed one to overcome BESSY storage ring At=208 ns) were used. The angular

the problem of low electron intensity. We performed Spingcceptance of the spectrometer was approximated§. To

polarization measurements of Xe Photoelectrons and Xe increase the energy resolution, different retarding potentials
MNN Auger electrons at a 834.5-eV photon energy at thewirg Oa\?p;lle(ihto thﬁ spe%:on;(etekr) dL'ﬂ tubg.g., Urer= .
ESRF[17]. Since no source with suitable polarization char- ™" or the P lines. The Xe background pressure in

acteristics was available to us in the extended x-ray uItraviozhgag?g?nrgnfshamber was approximately” ifnbar during

let energy range, we used a transmission multilayer acting d¥ T t of elect . dicular to th ¢
a quarterwave platgl8,19 to convert linearly polarized un- 'he component of €lectron spin perpendicuiar 1o the scat-
tering plane is given by the backscattered intensitieand

dulator radiation into circularly polarized light. We could d.in th itich [ ol d d
achieve a high degree of circular polarization with a reasonl2 counted in the mu tichannel plate detectors MCP1 an
MCP2 of the Mott polarimeter:

able light intensity. The same experimental setup as in th
present paper, including the transmission multilayer, was re-

STORAGE RING

FIG. 1. Experimental setup.

electron spin polarization vector are zdod. Sec. Il)).
These facts made spin-resolved electron spectroscopy

cently used for a spin-resolved study of Xg O, 30, 3 Au- pP= i with A= | 2' (1)
ger electron$20]. Seff l1+12
Il. EXPERIMENT whereA is the backscattering asymmetry a8g (the Sher-

man function the polarization sensitivity of the polarimeter.

Figure 1 shows the experimental setup. We used the urBy measuring the spin polarization of the Xp 3, photoline
dulator beamlines U1-TGM5 of the BESSY | storage ringwith linearly and circularly polarized lightcf. Sec. IV B,
(Berlin) and BW3-SX700 of the Hasylab storage rifidam-  the polarization sensitivity was determined to Sgy=
burg as sources of monochromatized synchrotron radiation--0.2((3).
Both beamlines provide a high photon flux of approximately  |nstrumental asymmetries of the Mott polarimeter, which
5 10'* photons per second per 100 mA ring currémpen  can arise, for example, through different detection efficien-
exit slits, BW3: E/AE~830; Ul: E/AE~300) [21-24, cies of the MCP’s, can be easily eliminated if the sign of the
with a high degree of linear polarizatiofBW3: Py,  measured spin polarization can be reversed. For this reason
=0.991); Ul: P;,=0.97(2)]. For measurements utilizing successive measurements with positive and negative light he-
circularly polarized radiation, a Mo/Si transmission licities were carried out, changing the polarization approxi-
multilayer (50 bilayers,d=9 nm, working range 935 eV)  mately every 20 min. From the four intensitigs, 1, , |5 ,

was used to convert the incoming linearly polarized light.and|, obtained this way, the electron spin polarization was
The photon flux of the circularly polarized radiation was getermined by

determined to be approximately @hotons/6 100 mA) in

the interaction region. The helicity of the outgoing beam was -
changed by rotating the multilayer around the light axis, [ 1 Vi 12 @)
whereas a variation of the grazing angle was used to tune the Seit 111, + 1115

multilayer to the desired photon energy.
The light polarization state behind the multilayer wasFor measurements with linearly polarized light, several other
monitored by a Rabinovitch-type linear polarization analyzerethods had to be used to eliminate instrumental asymme-
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FIG. 2. Xe 4 and 5 photolines after ionization by circularly polarized 93.8 eV photdiiep panels Intensity spectra with fitted Voigt
(4d) and Gaussian () profiles.(Bottom panels O, measured spin polarizatid®,,,sacross the spectra evaluated for each 25-medj (4
and 50-meV (P) kinetic-energy interval of the intensity spectru@,; spin polarization of the individual lines evaluated from the areas of
the fitted profiles. The vertical error bars include both the statistical and systematic uncertainties. The horizontal bars indicate the FWHM
linewidths emerging from the fit.

tries, because then the sign of the electron spin polarizatioplayed in the top panels of Fig. 2 for thepmnd 4 photo-
cannot be changed easily. In some cases the instrumentides. Inserting time-of-flight electron spectra into Efj). or
asymmetry was derived from measurements with circularly2), for measurements with linearly or circularly polarized
polarized radiation, which were performed directly before orradiation, respectively, the spin polarization of every channel
after the measurements with linearly polarized light. In an-gf the spectruni.e., of all lines and structurgsan be ob-
other approach unpolarized photolines, such as$i@ntl Xe  tained. After conversion of the spectra from time of flight
5s, were used for Ca”bratiome. Sec. |VA) As a third (ns) to kinetic energ)(e\/)’ this Corresponds to a Spin po|ar-
method we used the fact that when the spin-orbit splitting inzation for certain kinetic-energy intervals. The results of this
the ionic core is neglected the spin polarization of the “un-«channel-oriented” analysis of thedtand 5 photolines are
resolved” photoline(e.g., &) vanishes. The last two meth- piotted in the lower panels of Fig. 2 as open circles.
ods could be used without additional measurements, because |n order to obtain the spin polarization of the different
in a TOF electron spectrum all lines are present at the samghes in the spectrum, their intensities have to be determined.
time. For all data presented in this paper at least two of theqhis was done in most cases by fitting the spectra with
aforementioned techniques were used to eliminate the instr@ayssian or Voigt profiles. Equivalent fit curves of the non-
mental asymmetries for a given line. The results alwaysspin-resolved spectra are included in the top panels of Fig. 2.
agreed very well. The possibility to determine the polariza-For several measurements the peak areas were determined
tion sensitivity and the instrumental asymmetry from thesimp|y by adding up all the counted events within a line
same measurement or measurements very similar to the aghile subtracting a constant background which originates
tual measurement is another distinct advantage of the TORrom the dark counts of the detectors. In the lower panels of
Mott spectrometer system, which greatly increased the accugsig. 2 the spin polarization results, obtained by circularly
racy and reliability of the results. polarized radiation, of this line-oriented analysis are shown
During a measurement with our spectrometgrandl,  as closed circles. Comparing the two methods of analysis, we
correspond to two time-of-flight electron spectra which arefind good agreement for all lines. The error bars of the spin
accumulated simultaneously, one in each multichannel platgolarization values presented in Fig. 2 and Tables II, Ill, and
detector MCP1 and MCP2 of the Mott polarimetéig. 1). Vv include both the statistical and systematical uncertainties.
Subsequent measurements with positive and negative lighthe angular distribution measurements presented in this pa-
helicities yield four electron spectra of the same subjgct: per were performed at the Hasylab storage ring running in a
I;, 15, andl, . The sum of these four spectra, which cor- double-bunch mode, using a rotatable vacuum chamber
responds to a non-spin-resolved electron spectrum, is diequipped with two 45-cm-long TOF spectrometgss
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TABLE |. Components of the electron spin polarization in the coordinate system of the electron for
arbitrarily polarized radiation for different emission geometries. The measurements in this paper were per-
formed at @, ¢)=(90°,135°); ¢»=135° and¢= —45° are equivalent.

(6,9) Px Py P,
o
+265-| AT SIS
(90°,+45°) 5 0 0
1+5(1£39)
o.9z{ 268~ | At = 33} 0.372(1+S,)] 0.34A—a)S,
2
(70:5459 b 03213 142032013
1+ g(o.sztl.ssz) 1+5(032:13%5,) +3( 325,)
S+ 265 - A+% s, VI 26(1=S)) 1 A-a)S
(6m,=45°) \[3 5 3 1+§ v3 1tész
1= s, 2% 2
2
lll. THEORETICAL BACKGROUND Py(8,¢)=2&(1+S; cos 2p+ S, sin 2¢)
The description of the photoionization process within the X sin 6 cosOIF (6, ), (5)
dipole approximation limits the possible values of the angu-
lar momentum of the outgoing photoelectrons according to P,(6,¢)=(A—a)S;CosOIF(6,d), (6)

the selection rules. In the case of rare-gas atoms the electron
angular momentunj can have the valueg=J;;,— 1, Jion, with
and Ji,,+ 1, with J;,, being the total angular momentum of
the remaining photoion. Transitions to each of these final
states is described by a complex reduced matrix element
De'? with amplitudeD and phases. In a quantum mechani- 3
cally complete experiment all three matrix elements must be _2 ; ;
determined, i.e., three amplitudBs , Dy, andD , and two 2 (Sy.C0S 2+, 5in 24)sirt 6. ™
phase differences_, and 8y, . This requires the measure- _
ment of at least fivéndependenguantities. A, a, & andp are the so-called dynamical parametef,
The geometry of the photoionization process is shown inS2 and S; are the normalized Stokes parameters which de-
Fig. 3. The light propagates along tHexis of the laboratory ~Scribe the polarization of the lighf31]. The degree of linear
XY Zframe, whereas th¥ axis lies in the horizontal plane of polarization is given byPj,=\S{+S5. A positive S; de-
the storage ring. The emitted electrons propagate along thenotes light with positive helicity, and is called left-handed
axis of the electron coordinate systeayz ThezandZ axes  circular polarization in classical opti¢81]. P, and P, are
span the reaction plane. perpendicular to the electron propagation direction, and are
Photoelectrons are usually spin polarized due to the spircalled transversal components of the spin polarization vector,
orbit interaction in the final ionic statéassuming that the whereasP, is called the longitudinal componeng. is the
splitting can be resolvedand in the continuum for the out- angular anisotropy parameter.
going electron waveg29]. For our experimental geometry it Table | gives the spin polarization components for three
is convenient to describe the electron-spin polarization in thélifferent directions of electron emission, calculated by Egs.
electron framexyz In case of arbitrarily polarized radiation (4)—(6). Due to the co® term in Egs.(5) and(6), P, andP,
the three componen®,, P,, andP, of the spin polariza- vanish for §=90°. The measurements described in the
tion vector and the differential cross section are given bypresent paper were performed &t 90° and¢=135°. As
[30] the scattering plane incorporating both electron detectors of
the Mott polarimeter was located perpendicular to the light
beam, the component of the spin polarization vector parallel

F(6,0)=1— § P,(cosé)

do 0,p)= 7 F(o 3
lin Ref. [30], the parameters-(A+ a/2), 2¢ and (A—a) are
P.(6,d)=[2&(S, sin2—S, cos denoted by, », and{, respectively.
0. P)=[26(S, P=% 2) 2In Egs. (4) and (5), the sign ofS; and S, was changed with
—(A+ al2)S;]sin0IF(6,¢), (4)  respect to the original equations in RE30].
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The partial and differential cross sections and all the dy-
namical parametergand their combinationscan be ex-
pressed in terms of the dipole matrix elemef@§]. The
partial cross section corresponds to the sum of the squares of
the amplitudes, and is given for closed-shell atoms in the
velocity form as

o=ai—> D2, (10)
k

wherea, is the Bohr radius iim, o is the photon energy in
Hartree,c is the speed of light in atomic unita.u), andD,

FIG. 3. Geometry O.f the photoionization process. The IIghtis calculated in atomic units. The relationship between the
propagates along théaxis, and the electrons along thaxis. XYZ

; dipole matrix elements and the measured quantiigg,
is the laboratory frame andyzthe electron frame. . . st
Y Payn, and g8 were obtained using Eq$8) and (9) and the

or antiparallel to the light propagation axis was determineoeXprQSSior.‘S given in Re]fSO]. For refere.ncg purposes they
[a positive P, (90°,¢) is antiparallel tok,]. The quantity are given in the Appendix for the photoionization of the Xe

A(6), used in previous experimen{82] to describe the 4dA5S('j and_tE)pdsubbshells.f hanicall
transferred spin polarization, relatesRg in the present ge- s described above, for a quantum mechanically com-
ometry byP,(90°,+45°)= — A(90°) in the absence of lin- plete description of the photoionization process of a closed-
X 11— . . .
ear polarization. A simple interpretation of the equations inSheII atom in g_e_ner_al, the measurement of at least f|ye inde-
Table | can be given using the dynamical parameters. pendent quantities Is necessary. In the present experiment the
(i) Using purely circularly polarized light§,=S;=0), angular distributiond and the two spin polarization compo-
every component corresponds to a dynamical param@fer: ?_emstz“anﬁ ?r?d P‘Qi!‘ %f t(;le p}hotoeﬁﬁtrons t_ca}n be mea;ﬂgred.
P,, and P, to —(A+al2), £ and A—a), respectively. ogether with published values of the partial cross seation

—(A+al2) and A— a) can be measured only$,#0. The there are four quantities directly accessible to us. To perform

spin polarization in the reaction plane originates from the? complete characterization O.f th? phoFmomzatlon process
e have to use further approximations, like the nonrelativis-

spin polarization of the photons through a transfer of angula, ic aporoach. or we have to determine other photoionization
momenta.— (A+ a/2) and A—«) are thus called the pa- bp ' b

rameters of the transferred spin polarizatiag, 29 parameters, like the photoion polarization. In some special
(ii) The componenP, perpendicular to the ,reaétion plane casege.g.,p1o ionization only three parameters are needed

can be measured with light of any polarization or with un-forl?ncec:tr;ﬁleel}evgs:ﬁgi%téogl?;r:haesp;c;((:':_sj'hole can relax
polarized light. The origin of this polarization is a quantum- ' ’

echacal ererence i1, andé s ofen calle ay- (1000 [SSSNoIess cecay proces b sy uger
namical polarization. ' p p y

(iii) Using purely linearly polarized lightS, = S;=0) the gly charged photoion in a polarized state, i.e., with an un-

reaction plane is spanned by the electric-field vector and th:é)zveedn ph%r:gilgzomn;f |t2§ dr?gggegﬁiggt?:)eviiIz.nDSEa?ydgtsb%?ilgrr;
electron momentum vector angélcan be determined from P may lead {c P 9 )
P and also to spin polarization of Auger electr¢B4,35. This

opens up the possibility to learn more about the photoioniza-

-
This l"."St property enabled us to de@erm|ﬁe(A+ al2) tion process from the properties of the Auger electrons. Us-
and ¢, using the same Mott polarimeter in a constant geoms-

> . X L ; ing the two-step model of Auger decéfpr details, see Ref.
etry just by changing the light polarization from circular to [36]) the alignmentA,o and the orientation,, of the pri-

linear and back. To simplify further discussions we define ! L
the following two quantities: mary hole state can be determined from the angular distribu-
g q ' tion and transferred spin polarization of Auger electrons, re-
P,(90°,1359 —(A+al2) spectively. Alignment and orientation are proportional to the
Pirans= X : = , for S,=S,=0, electric quadrupole moment and magnetic dipole moment of
S3 1+pl4 8 the photoion, respectively. Similar to the partial cross section
®) o, alignment and orientation depend only on the squares of
o the matrix element amplitudes, and are independent of the
P,(90°,1359 —2¢ . > X
Payn= — , for S,=S;=0. (9) phase differences. For photoionization processes leading to
y S 1+p/4 D4, and 2Dy, final states of the photoion, the expressions

i " ) for Ajg and A,q in terms of the photoionization amplitudes
Pyansrand Pgy, are the two independent quantities which we gre given in the Appendix.

can measure with the current experimental setup.

Due to kinematic relations, the ranges of the spin polar- IV. RESULTS AND DISCUSSION
ization parameters are related to the value of the anisotropy
paramete. Wheng reaches its maximum value 2, all com-
ponents of the spin polarization must vanish an@i# — 1 The results of our measurements of the spin polarization
the dynamical polarization is zeK&ig. 3 in Ref.[30]). and angular distribution are shown in Table Il. Bd¥,

A. Xe 5s photoionization
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TABLE Il. Theoretical and experimental partial cross section  similar situation can also be observed for the Xednd 4
spin polarization componen®,,.s and Py, and angular anisot- processes. A possible explanation for these deviations could

ropy 3 for Xe 5s photoionization at 93.8 eV. be that the frozen-core relativistic RRRRPA) theory does
not take ionization into satellite states into account, which
Theory* Experiment may result in too large a cross section of the main line. A
false o does not necessarily influence the quality of predic-
b
oMb 0.75 0.4110) tions for the other dynamical parameters, because these are
1 Prranst —0.01 0.035) relative quantitiegcf. the Appendix.
58 " Sy Payn 0.01 —0.01(1)
B 2 1.913) B. Xe 5p photoionization
®rozen core RRPA38]. The results of our measurements of the spin polarization
"Referencd39]. and angular distribution are shown in Table Il together with

other experimental and theoretical data. The different experi-

and Py, vanish within the error bars, anglis practically 2 mental values of the anisotropy parameseagree very well
at a 93.8-eV photon energy. These results prove that, at thigith each other. There is a good agreement between the
photon energy the $ photoionization can be described RRPA and and RPA with exchang®PAE) calculations,
within pure LS coupling, i.e., there is only one outgoimy and also between the experimental and theoretical data, with
partial wave and all dynamical parameters have fixed valuethe exception of the partial cross section which is overesti-
(cf. the Appendix. Experiments shoyB8=2 for thes photo-  mated by the theorycf. the discussion aboye
lines of most rare gases in a broad photon energy rébige For a complete characterization of the process leading to a
thus the spin polarization must vanish. This fact was used t8P,, final state, five independent measurements are needed,
determine the instrumental asymmetry of our Mott polarim-but only four measured values are available. Since the 5
eter from measurements of the Xe &nd He & photolines.  shell is the outermost shell of xenon, it cannot decay by an

A deviation of the anisotropy parameter frof+=2 is a  Auger process, i.e., we cannot obtain further photoionization
sensitive monitor for the validity of th&S coupling. The parameters. The Xeb photoionization process leading to
strongest deviation from this value was found for the Xe 5 the 2P,, final state can be described by only three param-
line (B~1.3) in the Cooper minimum of the photoionization eters, i.e., a complete characterization of this process with
cross section at approx. 32-eV photon endi@y. the present experimental setup is possible, since there are

The only discrepancy between the theory of R88] and  four measured quantities. We used this redundancy in the
the experimental data is that for the partial cross section, thdata to determine the polarization sensitivily; of our Mott
calculation overestimates significantly (cf. Table Il). A polarimeter.

TABLE I1ll. Theoretical and experimental partial cross section fine-structure intensity ratigp
(= o3/ a1), spin polarization componeng,.s;andPyy,, and angular anisotropg for Xe 5p photoion-
ization at 93.8 eV.

Theory Experiment
RRPA RPAE other this work
5p Total o/Mb 1.60 1.342)°
p 1.81 1.7310)°
B 1.38 1.30 1.480)° 1.42°3%
5p~12P,), a/Mb 0.57 0.492)f
Puansi 0.30 0.27 0.30)
Payn -0.59 -0.54 -0.526)
B 1.39 1.4410
5p 2Py, a/Mb 1.03 0.8%2)"
Puanst -0.14 -0.1¢ -0.184)
Payn 0.29 0.3% 0.31(5)
B 1.38 1.4610)¢

3 rozen-core relativistic RPA3S].

bFrozen-core, nonrelativistic RPA with exchar{gs].

‘Referencd39].

YReferencd41].

®Referencd42].

fcalculated froms and p.

9This value was calculated from tH®,, final state using an experimental branching ratio of 1.73.
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FIG. 4. (a) Two-dimensional contours of values for the amplitude ratieD, /D5 and phase differencé,s of the 5p,,, photoionization
corresponding to measured values®# 1.44+0.10 (broken line$ and A;=—0.65+0.11 (solid lines. (b) Enlarged section ofa). (c)
Two-dimensional contours of values farand 8,5 resulting fromg=1.44+0.10, Py,,= — 0.51+0.08, andPns=0.33+0.06. In all three
figures contours are shown for the measured value-amthe standard deviation.

Due to the complexity of the equations connecting theto determine the matrix element§or a further analysis sim-
matrix elements and the dynamical parameters, and becaupéfied forms of Eqs(A10)—(A12) were used, wher@ and
they contain trigonometric functionf. the Appendi, a  Puans/ Payn are expressed by the ratio of the amplitudes
complicated procedure involving analytical, graphical and=D4/Ds and the phase differencé,s. The partial cross
numerical methods had to be used to determine the amplBection[Eq. (10)] is given in the present case by
tudesD, andD5 and the phase differene®s [cf. Eq. (A6)] -
of the 5py,, photoionization from the measurements. The a:aS—W(Dpr D2). (13)
analysis was performed separately for two distinct data sets, ®C
one taken at BESSY and one at Hasylab, because the experi-

mental conditions were somewhat different. The procedure (i) First theA an_d da5 values were determined which re-
shown below is for the BESSY data set. produce the experimental data Ef2). For this purpose we

) , _ have plotted3=1.44+0.10 andA,=—0.65-0.11 in Fig.
: Lgmg Egs.(1) and Eqs.(8) and (9), the tV\./O spin polar 4(a). The middle dashed curve represents all possible values
ization component® ., and Py, can be written as

of (\,d45) pairs compliant with3=1.44 through Eq(A10).

The inner and outer dashed curves correspong+al.34
and 1.54, respectively, and thus define the&s) values
which are allowed within one standard deviation from the
measured value. Similarly, the three solid lines represent
Ag=—0.65, —0.76, and—0.54. The {,d,5) pairs corre-
where A and A;, are asymmetries measured with circu- sponding to botfg andA are given by the intersections of
larly and linearly polarized radiation. Since the multilayer the dashed and solid lines. As can be seen from Fig), 4
quarter-wave plate converted the linear polarization comthere are two sets of solutions:

pletely into circular polarizationS;|=|S;|. This means that . oL _

the ratio of the spin polarization components is equal to the Solution 1. \=2.0116), dss=—0.9810), (14
ratio of the asymmetries. Using the rafgans/ Pgyn instead

of Pyanstand Py, (together witho and B) to determine the
matrix elements results in values for the amplitudes andrhe shaded areas in F|g(b§ were used to assign error bars
phase difference which are independent of the Sherman fung¢o A and 6,5.

tion Sgr and the Stokes parameteBs and S;. Calculating (i) In the second step, andDs were calculated frono-
Pianstand P gy, from these matrix elements and comparing itand\ using Eq.(13):

with the measured values enabled us to deterrSjgeof the
Mott polarimeter.

Acirc Alin

Pranscoe— and Pgn==—a— 11
transf— Ssseff dyn Slseff ( )

Solution 2: A=0.839), &,s=0.7311). (15)

Solution 1: D,=0.0923), Dg=0.0443),

We used the experimental data (16)
545: - 09& 10) '
0=0.492) Mb, B=1.4410),
(12 3Note that in Table Ill the mean values of the two aforementioned
data sets are given; thég, in Eq. (12) is different fromP yansi/ Payn
Ptransf/ den: Acirc/AIinEAcI: - 065 11) of Table Ill.
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Solution 2: D,=0.0665), Ds=0.0795), TABLE IV. Theoretical and experimental amplitudéa a.u),
and phase differenc@én rad) of the dipole matrix elements for Xe
Sas=0.7311). (17) 5p1» photoionization at 93.8 eV. The theoretical values were de-

rived from the dynamical parameters.

Additionally a numerical optimization procedure was per-

formed to find the best set of matrix elements by comparing Theory! Experiment
them to all three measured values at the same [eheEq.  sp-12p D, 0.098 0.0923)
(22)]. This process did not change the above values. Both Ds 0.053 0.04W)
solutions reproduce the experimental ddfg. (12)] exactly. Sus ~1.03 —0.977)

(i) The next step was to extra&ty from the above re-
sults. Pyansrand Py, can be calculated from EqéA11) and
(A12) using Egs(16) and (17):

3Frozen-core RRPA38].

Solution 1: Pgy,=—0.516), Pyans=0.336),

(18)

Piranst= —0.337). 19

C. Xe 4d photoionization

The results of our measurements of the spin polarization,
angular distribution, and fine-structure branching ratio are
shown in Table V together with other experimental and the-

From the measurements the sign of both spin polarizatioﬁretical data. The d partial cross section was determined by
COMPONENLS iS KNOWIP st iS POSitive andPyy, is negative sevleral au_thorE§9,40,43,4§1. In cIj?ef. ‘[144]_ the results oflsev—]c 2
(cf. Table Il); thus solution 1 has to be the right one. Insert- ST EXPENMENtS are compared and give a mean vaiue o

- : _ Mb for 94-eV photon energy. Beckeat al. [39] published
ing the measured asymmetridg,,.=—0.065(9) andA;, , - .
—0.100(9) and the calculateRlng and Py, of solution 1 data with the smallest uncertainties, thus we use their value

. . of 20.5 Mb. The branching ratio was published by Yates
into Eq. (11), we obtain et al.[45] and Ausmeest al.[46]. Interestingly their values
differ somewha{p=1.34(2) in the former ang=1.41(2)

in the lattel; our own measurement gives 1(38for 94 eV.
The anisotropy parameter was published byriteerling and
Schmidt[7] separately for both spin-orbit componeritt
94.5 e\j. Our own measurements give somewhat smaller

Solution 2: Pg,,=0.517),

S,Ser=—0.19726) and SySer= —0.19739).
(20)

With the known degree of light polarization from optical
measurement$; = S;=0.97(2) the polarization sensitivity
of the Mott polarimeter isSyz=—0.202(27). values for both lines. The alignmeAt, and orientatiomq

(iv) As a final step, we ploB, Pyanst andPgy, in depen- of the ionic states were determined from angular distribution

dency on\ and 8,5 in Fig. 4(c). The fact that all three curves [7,47-50 and spin polarizatiof20] measurements of the Xe
cross each other in exactly one point is strong evidence foN4 50240, 3 Auger electrons, respectively.

the internal consistency of the data. Furthermore the advan- The Xe 4d photoionization process was also thoroughly
tage of an overdetermined system is obvious: there is onljnvestigated theoretically; relativistj@8,51—-54 and nonrel-
one (\, 5,2 pair which reproduces all three measured valuegtivistic [55,56 RPA calculations were performed with
at the same time, allowing only one solution to the problemfrozen-core and relaxed ionic potentials. In the frozen-core

The Hasylab data sétvith Ag./A;,= —0.53(20) yields  model the charge distribution of the ion is taken to be static
the following matrix elements: during photoionization, and the outgoing electron “sees” the
frozen potential of the ionic core. This model works well for
fast electrons, because they are not influenced by a rear-
rangement of the ion’s charge distribution. Rearrangement is
taken into account in the relaxed model mainly through a
shielding of the hole by other electrons. In general, the re-
With S;=S;=0.991), this results in a Sherman function of laxed model yields better results for slow electrons, because
Seri=—0.195(36). Throughout the present paper the valuehey are very sensitive to changes of the field they are mov-
Se=—0.20(3) is used. ing in [56].

The experimental matrix elements shown in Table IV are The authors of Ref§38] and[55] published the dynami-
mean values of the two data s¢Eqgs.(16) and(21)]. The-  cal parameters, whereas other authors published matrix ele-
oretical matrix elements were not published; thus we derivednents from which the dynamical parameters in Table V were
them from the dynamical parameters of RE38] by the calculated using Eq910), (A15—-A20), (A29), and (A30).
same procedure applied to the experimental data. The conwhen comparing the experimental and theoretical data, it is
parison shows theoretical amplitudes that are too large whichmportant to take into account the deviations in the ionization
is due to the overestimated cross section. The phase diffetaresholds. In the frozen-core RRPA calculations, the abso-
ences agree very well. Since the measured quantities rely date values of Dirac-Hartree-Fock eigenvalues were used
the ratios and/or the squares of the matrix element ampliwhich lie 4.2 eV above the experimental thresholds. For this

D,=0.09%5), Ds=0.0496), &= —0.9710).

(21)

tudes, we cannot determine the sign®afandDs; they are
either both positive or negative.

reason we used the frozen-core RRPA values at 98.0 eV
photon energy. In the relaxed RRPA calculations the thresh-
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TABLE V. Theoretical and experimental partial cross sectigriine-structure intensity ratip(= o5,/ 0355), Spin polarization compo-
nentsPyanstand Py, angular anisotropys, orientationA,,, and alignmenii,, for Xe 4d photoionization at 93.8 eV.

Theory Experiment
frozen frozen relaxed relaxed other this work
core core RRPA RRPA
RRPA? RPAE overlap
factord
4d Total a/Mb 28.1 20.7 19.1 20(8.0)°
p 1.36 1.35 1.3@)
B 0.34 0.36 0.25 0.2
-12
4d™" Dsp oMb 1176_'223 11.9 10.9 11.66)"
Pyanst —-0.54 —0.60 —-0.56 —-0.56 —0.577)
Payn 0.17 0.17 0.12 0.12 0.165)
B 0.34 0.24 0.275 0.3%3) 0.234)
Ao —-0.61 ~0.62 —-0.61 —-0.61 —0.6515)
Aso —0.24 ~0.24 -0.24 -0.24 —0.23416)'
4d 12Dy, a/Mb 11.9 8.8 8.64)"
Pyanst 0.83 0.83 0.84 0.89)
Payn -0.24 -0.23 -0.13 —0.205)
B 0.34 0.26 0.3®) 0.21(4)
A -0.61 -0.61 —0.5813)
Ax -0.22 -0.22 -0.223)
3Referencd38] at hv=98.0 eV; see text.
bReferencg55].
‘Referencd52).
dLiu and Kelly (1992, cited in Ref.[7] as private communicatioy=94.5 eV.
®Referencd39].
'Referencd42].

9Referencg51] at hv=98.0 eV; see text.

hCalculated fromo and p.

iCalculated from theéD5, final state using the experimental branching ratio.
IReferencd7] athy=94.5eV.

KReferencd 20].

'Reference$7,47).

old is taken as the difference between the self-consistent eparameterd and the dynamical spin polarizatid?y,,. Un-
ergies of the atomic and ionic ground states. These valuggrtunately the measured dynamical polarization is between
differ by less than 1 eV from the experimental thresholdsihe o theoretical values. The transferred spin polarization
[54], and are not corrected. The matrix elements of Liu an alignmentA,,, and orientationA,, are in very good
Kelly are given only at 94.5 eV7]. transf 200 . 10

agreement for all calculations and measurements.

Similarly to the 5% and 5 ionization, the frozen-core A | h o f thed4photoionizati
RRPA calculations also overestimate thd partial cross complete characterization of thed4photoionization

section. Relaxation of the ionic core solves this problem andProcess in terms of dipole matrix elements is possible, be-
gives accurate values, but overlap integrals decreass  Cause for each final ionic state there are five unknown quan-
much. The influence of relaxation on the partial cross sectiofities, three amplitudes and two phase differen¢Esys.
for different photon energies was investigated in RE5S] (A13) and (Al14)], and six measured valuas Ay, Ay,
and[54]. These authors found that including relaxation im- Pyanst, Payn, @and (Table V). A similar procedure to that in
proves the agreement with experiment up to 100 eV, but abec. IV B was used to determine the matrix elements.
higher energies the agreement decreases. A similar behavior (i) First the three amplitudes were calculated analytically
was found in Ref[56] by comparing the frozen-core and from o, Ay, andA,q, using Eqs(10) and(A29) or (A30).
relaxed versions of the RPAE theory. Since these equations contain only the squares of the ampli-
A further discrepancy between the frozen-core and retudes, their signs cannot be determined, and we rely on the
laxed RRPA calculations can be found for the anisotropysigns of the theoretical values.
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TABLE VI. Theoretical and experimental amplitud@s a.u) and phase differencém rad of the dipole
matrix elements for Xe & photoionization at 93.8 eV. For the uncertainties of the phase differences, see Fig.
5. The right column shows the matrix elements with vanishing relativistic phase differences.

Theory Experiment
frozen relaxed relaxed othef this work this work
core RRPA RRPA
RRPA? overlap
factors
4d~1 2Dy, D, 0.078 0.09°3%3 0.08717)
D, 0.036 0.04° 333 0.04432)
Ds 0.428 0.42" 3% 0.42110)
512 3.12 3633 3.143)°
823 2.74 2318 2.6215)
4d-12Dg, D, 0.130 0.107 0.099 0.1289) 0.10"5%¢ 0.11510)
Ds 0.130 0.107 0.103 0.1282) 0.11°3%3 0.10813)
D¢ 0.582 0.484 0.467 0.4882) 0.49° 3% 0.48210)
845 -0.80 -0.53 -0.57  *0.912  -0.689%%  -05911
Ss6 0.02 0.03 003  *0.1(1.2 0.35' 0% 0.003)°

8Referencd51] athv=98.0 eV; see text.

bReferencg52].

‘Liu and Kelly (1992, cited in Ref.[7] as private communicatiofy=94.5eV.
dReferencd7] athv=94.5eV.

®values fixed to 3.14 0.03 and 0.08: 0.03.

(i) Using the amplitudes fronti), Pyanst, Payn, @and 8 to the difficulty of determining the instrumental asymmetry
were plotted in dependency on the two phase differencesf the Mott polarimeter. Furthermore, there is an ambiguity
For both final states all three curves cross each other approxin the phase differences when they are used to reproduce the
mately at one point, which roughly determines both phaselynamical parameters within their error bars. This behavior
differences. is discussed in the next paragraph.

(iii) To increase the precision a numerical optimization The uncertainties of the matrix elements, the three ampli-
procedure was performed, using the amplitudes f(orand  tudes, and two phase differences, cannot be adequately rep-
the phase differences frofii) as starting values. In this pro- resented by simple one-dimensional bars. Rather we have to
cess the matrix elements were varied in order to minimizeletermine ranges in a five-dimensional space, within which
the squared difference between the measured and reproducé@ matrix elements reproduce the measured quantities

values expressed by the following equation: within their uncertainties. We have carried this out by a sys-
5 5 ) tematic numerical variation of the former set of five param-
[ A0~ AlO,meaj (Azo— A20,meaj (0 o meaj eters, checking compliance with the experimental values for
AA10 meas AA0 meas Ao meas each trial set. Results of this procedure for the two phase
5—p 2 /p P 2 differences are presented in Fig. 5, while one-dimensional
+ meaj ( transf tfa”vameaj projections for the errors of the other parameters are shown
ABmeas APyranst,meas in Table VI. These obviously represent an upper limit to the
(%ﬁ 22 s BT S~
dyn,meas 4t relaxed RRPA ] osh :.relaxecliHHPA_
The matrix elements obtained from the optimization proce-E s T 04f E
dure reproduce the measurements exactly. The results of thi g 3 Ty 02F ]
analysis are given in Table VI, in the second column from T Ty oF ]
the rlght ‘03 i < o2 frozen-core RRPA 1 ]
It is interesting to note that all the phase differences have 15t 2p,, : :g'z: Dy, |
large error bars. In Ref7] the situation is similar. This has VS T os o6 o4 o2
several reasonss, Ay, and Ay, are independent of the 5,5, lrad] s rad]

p3/2_6f5/2 [

phases, an®,,,sis only weakly dependent, i.e., these quan-
tities do not contribute to the determination of the phase FIG. 5. Two-dimensional representation of pairs of phase differ-

differences. The strongest dependency isRyy, [cf. EQs.  ence values compatible with the measured data for both final states
(A17) and (A20)], which is usually the most inaccurate due of the 4d photoionization. See the text for details.
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TABLE VII. Theoretical and experimental amplitudés a.u and phase differencém rad) of the dipole
matrix elements for Xe d photoionization at 93.8 eV in the nonrelativistic approximation. The left and
middle columns were obtained from Table VI by using E¢21) and(A22). The right column is the result
of a nonrelativistic analysis.

Theory Experiment
relaxed RRPA this work this work
(from Table V) (from Table V) (from nonrelat. analysjs
4d-12Dg, D, 0.087 0.09519) 0.09811)
D+ 0.428 0.421) 0.42Q8)
Opt -0.40 —0.5215) —0.5413)
4d~12Dg), D, 0.107 0.11810) 0.11813)
D; 0.496 0.49410) 0.49410)
Opt -0.53 -0.5911) —0.60(14)

aReferencd52).

uncertainty of these parameters. Figure 5 is also very usefydarameters then becomes similar to the case of thg, 5
for a comparison with the theoretical phase differences. Thehotoionization, described above. Results for the matrix ele-
results of the relaxed RRPA theory lie clearly within the ments are given in Table VII, right column. Furthermore, we
shaded area for both final states, whereas the frozen-combtainS.s=—0.20+0.02 for the polarization sensitivity and
value is outside the experimentally allowed area. Ap=—0.59 andA,,=—0.23 for the orientation and align-
The overestimated partial cross section of the frozen-corenent, respectively. The excellent agreement of these values
RRPA theory is reflected by values of the amplitudes whichwith those from the Auger electron measureméiible V)
are too large. The agreement between the amplitudes of bofiroves the validity of the two-step model of Auger decay in
experiments and the relaxed RRPA theory is very goodthe present case.
Since all dynamical parameters exceptdepend only on The validity of the nonrelativistic approximation can be
amplitude ratios, the discrepancy between the relaxed anmalso tested directly using the measured electron-spin polar-
frozen-corePg,, and S is due to the difference in the non- izations. In the nonrelativistic approximation the spin polar-
relativistic phased,s. This difference means that the chang- izations of the two fine-structure components are related to
ing ionic potential caused by relaxation influences the outgoeach other; that is the spin polarization should vanish if the
ing waves with different orbital angular momenta differently two components are not separated in the electron spectrom-
(I dependency A dependence oncannot be observed, since eter[55]:
the relativistic phase vanishes in all calculatiofs is
equivalent to 0 52 _ _ p3R 52_ _ p3i2
qSince vanishing relativistic phases are compatible with PPuans™ ~ Puranst and pPey=—Pdyn. (23
the experimental resultsf. Fig. 5, we repeated our analysis ) .
with the conditionss,;,=3.14+0.03 anddss=0+0.03. The  These equations are fulfilled very well by our measurements
results of this analysis are in the right most column of Tablefor both PyaasrandPgy, (cf. Table V); thus the validity of the
V1. These matrix elements reproduce all the measured quaronrelativistic approximation is confirmed. A detailed analy-
tities perfectly. The amplitudes are practically the same as i§is of the Xe 4i photoionization process based on a modified
the previous analysis, but the nonrelativistic phase differnonrelativistic treatment was given in R¢g] for a broad
ences are slightly altered. The fixing of one parameter rephoton energy range.
duces the error bar&letermined as described abpwsib-
stantially. There is an excellent agreement with the relaxed
RRPA results of Ref[52] for all ten parameters.
The transition to a completely nonrelativistic description  We have presented a detailed study of Xkidner-shell
of the 4d process in terms of matrix elements is given byand Xe 5% and 5 valence-shell photoionization processes at
Egs. (A21) and (A22), and the results are shown in Table 94-eV photon energy, close to the maximum of tileshape
VII. Vanishing relativistic phase differences were alreadyresonance. The use of advanced experimental techniques al-
taken into account, but certain ratios of the amplitudes musowed us to perform spin-resolved electron spectroscopy
also be fulfilled. The condition®,/D,=+/5 for the D3,  with circularly and linearly polarized synchrotron radiation.
final state and /D= /20 for the 2D, final state are met For all three processes we measured two independent spin
by both theoretical and experimental amplitudesthin the  polarization components and the angular anisotropy param-
uncertainties This means that the nonrelativistic approxima- eter. These data were combined with published values of the
tion is valid in the present case. cross section, anisotropy parameter, and intensity ratio of the
In this way, we can also analyze our experiment using dine-structure components. Additionally, for thel $hoto-
nonrelativistic model as a starting point. The extraction ofionization we used published values of the photoion align-

V. SUMMARY
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ment and orientation, which describe the polarization of the (iii) 4d photoionization can be described very well in the
4d~1 hole states. framework of a nonrelativistic approximation at this photon

The parameter sets we measured for tiseahd 50;,,  energy. This result is supported by both theoretical and ex-
photolines could be used to determine the instrumentgberimental data in the form of extracted matrix elements, and
asymmetry and the polarization sensitivy; of our Mott  also by spin polarization measurements. This finding is not
polarimeter. For the B, photoionization process a com- ynexpected, since relativistic effects should occur mainly in
plete set of dipole matrix elements was also determined. Cooper minima of the cross section.

A combination of measurements on thel ghotolines An interesting subject for future investigations will be to
with the calibration results from thesSand 5 photolines  examine the influence of relaxation and relativistic effects
made it possible to determine a complete set of relativistiGyyer a broad photon energy range. For this purpose spin

dipole rr;a’;]rix eleer‘nerr:ts independently for both f:ngl ioNiC b o) arization measurements should be performed especially in
states o t'teh >t(he pt' ot?lor}lza}tlgn proc%ssihDetal N .com—t nd around the cross section Cooper minima, and the corre-
ggg:?en: d\;wus toe?hrg Ifgﬁofl:vailn‘:; c?olr?gli;gnso er expenmen ponding theoretical results should be published.

(i) A theoretical description of the valence photoioniza-
tion processes by the frozen-core RRPA and RPAE models
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APPENDIX

The relationship between our measured quantRigss:, Pqyn, andg, and the dipole matrix elements, were obtained using
Egs.(8) and(9) and the expressions given in REBO]. They are given below for the photoionization of the X&, 4s, and
5p subshells. These formulas have the same forms for the photoionization of other closed-shell atoms. Expressions for the
photoion polarizatior{orientation and alignmepare also given for the photoionization dfsubshells.

1. Xe 5s photoionization
Xe 552 5p8(1Sy) + hv— Xe* 581 5p8(2S, ) + ep e P1j2,€P32) s
k=1 2. (A1)

The indexk is used to differentiate between the different final states, B.gis the amplitude of the p, partial wave. The
dynamical parameters are given by

D2+ \8D;D,cosd;, (a2)
Di+Dj '
2 2, V2
Di—D5+ ?DlDZ C0Sd1»
Piransf 5 V2 ) (A3)
Di"‘ ZD§+ ?DIDZ C03512

3
—D;D,siné
\/i 1Y2 12
Payn= 5 . (A4)

D?+-D2+ QD D, cosé
1 4 2 2 1Y2 12

In_the nonrelativistic approximation there is only one outgoingelectron wave §,,=0, D,;=y1/3D,, and D,
=2/3D;) and all the dynamical parameters have fixed valys2 andPans= Pgyn=0.
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2. Xe 5p photoionization
Xe 5s?5p®(1Sy) + hv— Xe™ 552 5p°(2Pg,) + € €052, £3/2,€S12)

k=1 2 3 (A5)

k =4 5. (AB)
The dynamical parameters are given by

4D2—4D2+6DD, cos8;,— 25D ,D 3 0S8,3— 615D ;D3 C0SS;3
B 5(D?+D3+D3) ’

B2 (A7)

v —9D2+4D3+5D3+9D D, c0s8;,— 51/5D,D 3 C0S8,3
Ptransf_ 2 2 2 ' (A8)
12D2+8D2+ 10D2%+3D D, 0S8, V5D ,D 3 c085,3—31/5D D4 0SS5

— (15D D, sin 8,5+ 35D ,D 3 Sin 8,5~ 64/5D ;D5 Sin 15

3/2
= : (A9)
Y 12D24 8D2+10D2+3D,D, c0S81,— V5D D5 C0SS55— 315D ;D3 COS; 5
o D2+ /8D,Ds COSdg5 N2+ 8B\ cosdyg AL0
D;+D3 N+l
2 2 ‘/2 2 ‘/2
D4—D5—?D4D5005545 A —1—3)\ COSJys5
I
Pans™ 5. v -5 , (A11)
D+ 4 Dat - DaDsCosdys 1+ Z)‘ZJF >\ COSdys
3 D4Dssing, 3 A siné,
— sin —\ sin
P1/2_ ‘/2 4Y'5 45 ~ ‘/2 45 o
dyn™ , 5 , V2 - 5, V2 ' (AL2)
Ds+ ZD4+ 7D4D5 COSOys 1+ Z)\ + ?)\ COSJy5
A simplified form of the last three equations is also given using the ratio of the amplitud@s,/Ds.
3. Xe 4d photoionization
Xe 4d1°95525p8(1S;) + hv—Xe™ 4d° 552 5p®(°D ) + € €P1j2, € P32, F510)
k=1 2, 3 (A13)
—Xe" 4d°55? 5p%(°Dsp) + epyf £ P32, £ F52,8 712)
k=4, 5 6. (A14)
The dynamical parameters are given by
,, 4 —D3+D3-3 J5D D, c0S8;,— 2 \/5D ;D3 0S5+ 2D ,D 5 COS,3
=5 D2+D2+D?2 ’ (A15)
” —5D2-4D2+9D2+55D,D, cosd;,— 9D ,D3C0S5,,
wransf— (A16)

10D2+8D2+12D%~ \/6D;D, c0sd;,— 3y/5D D5 C0SS;5+3D,D 3 COSS,g
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—3./5(D D, sin;,— 2D ;D5 sin 815+ /5D ,D 3 i 5,2)

3/2
_ , (A17)
Y1002+ 8D2+12D2— 5D, D, c0SS;,— 345D 1D COSS;5+ 3D 2D COSSg
5/2_D D5+25D2 6\/—D4D5005545 60\ £D,Dg COSO46+ % \/_D D6c03556 (A18)
B= 5(D5+D:+Dj)
: —ep2-2\% 2 /5D4D; cosd
52 $D3+ 5D 5 V2D4Ds5 00865t 7 VODsDg COSSsg (A19)
transf— )
%D§+%D5+£D6—m\/§D405cos545—%\/§D4D6cos546+%JED5D6cos556
3 . 5 . 3 .
ED‘lesm&S—G 3—5D4D63|n546+ED5D63|n556
Pan=17 (A20)

In the nonrelativistic approximation using

Dap: Sip=*m, 8=yt m, Dy=5/6D,,
D,=1/6D,, D3=Dy, (A1)
D O45=Sp1,  O56=0, D4=Dy,
Ds=\1/21D¢, De=20/21D; h2
Egs. (A15)—(A20) are reduced to
4o AD7+DF—12//3/2D;D; cosdy, a23)

5(D?+D?2) ’

2 2
iz _ 6Df— 6D+ \V6DD,cosdy, (A24)
transf— 2 2 '
8D5+7D;—26DD cosdy)

—5\6DD,,sindy,
8D7+7D3—26D;D, cossy,’

32 _
dyn—

(A25)

4D%+Dj—12y3/2DD , cosdy,
5(D+D3) ’

5/2__

(A26)

o, —4Df+4D2-2.2/3D(D c055fp

p32 — (A27)
ranst gp? +7D2 2,/6D;D,, coss;,

—10y2/3D¢D,, sin ),
8D?+7D32—26D;D, cosdy,

52 _
dyn™—

(A28)

2,272,332 3 [2 6 /10 3 '
4p242p2+ 8Bp2- 10\/;D4D5cosb‘45—E\/7D4D6cos546+E\/§D5D6c05556

Orientation Ao and alignmentA,, for photoionization
processes leading t€D 5, and ?Dg, final states of the pho-
toion are given byf57,5§

S, 5D3+2D3—3D3

A32—
05> /5 Di+D3;+Dji
A29
p3— (—2) 5D2—4D3+D3 (A29)
10 D?+D3+D32
-2 3w 70iraDE-50F
35 D{+D2+D3
7D2—8D2+§D2
A5/2:(_2) 4 5 2 6
2514 D3+Di+Dg

A,q is given here with respect to the direction of the electric
field vectorE of linearly polarized radiation.

In the nonrelativistic approximation using E4821) and
(A22), Ajg andA,q are given by

1 2+7\2
10 1+\2"

3S; 3A*- 3/2_
45 1422’ T2

ps2— Sz 7\¥23\2-2 A2 1\F2+7>\2
2115 1+a%7 T2 5 N7 14\
(A32)

with A=D,/D;. In this case orientation and alignment can
be expressed solely with the ratio of the dipole amplitudes.

AdZ= (A31)

[1] M. Y. Amusia and M. Kutzner, inVUV- and Soft X-Ray
Photoionization edited by U. Becker and D. A. Shirleyle-
num, New York, 1996

[2] D. J. Kennedy and S. T. Manson, Phys. Re\5,227(1972.

[3] J. W. Cooper, Phys. Re28 681 (1962.

[4] J. W. Cooper, Phys. Rev. Lett3, 762(1964).

[5] U. Becker and D. A. Shirley, ilvUV- and Soft X-ray Photo-
ionization (Ref.[1]).

032712-14



STUDY OF XENON 4d, 5p, AND 5s PHOTOIONIZATION . . . PHYSICAL REVIEW A 63 032712

[6] B. Kammerling and V. Schmidt, Phys. Rev. Le7, 1848 [31] M. Born and E. Wolf,Principles of Optics(Pergamon, New

(1991); W. R. Johnson, K. T. Cheng, B. ikamerling, and V. York, 1970.
Schmidt,ibid. 69, 1144(1992. [32] C. Heckenkamp, F. Scfars, G. Schaohense, and U. Hein-
[7] B. Kammerling and V. Schmidt, J. Phys. 36, 1141(1993. zmann, Z. Phys. [2, 257(1986.
[8] S. J. Schaphorst, Q. Qian, B. l&sig, P. V. Kanpen, N. [33] U. Fano, Phys. Revl78 131 (1969; Phys. Rev.184, 250
Scherer, and V. Schmidt, J. Phys.3B, 4003(1997). (1969.

[9] G. Snell, B. Langer, M. Drescher, N. Mer, B. Zimmermann, [34] E. G. Berezhko and N. M. Kabachnik, J. Phys.1B, 2467
U. Hergenhahn, J. Viefhaus, U. Heinzmann, and U. Becker, (1977).

Phys. Rev. Lett82, 2480(1999. [35] H. Klar, J. Phys. B13, 4741(1980.
[10] U. Heinzmann and N. A. Cherepkov, WUV- and Soft X-ray [36] N. M. Kabachnik and O. V. Lee, J. Phys. 2, 2705(1989.
Photoionization(Ref. [1]). [37] A. Fahlman, T. A. Carlson, and M. O. Krause, Phys. Rev. Lett.
[11] A. Hausmann, B. Kemerling, H. Kossmann, and V. Schmidt, 50, 1114(1983.
Phys. Rev. Lett61, 2669(1988. [38] K.-N. Huang, W. R. Johnson, and K. T. Cheng, At. Data Nucl.
[12] B. Schmidtke, M. Drescher, N. A. Cherepkov, and U. Hein- Data Table26, 33 (1981).
zmann, J. Phys. B3, 2451(2000. [39] U. Becker, D. Szostak, H. G. Kerkhoff, M. Kupsch, B. Langer,
[13] T. J. Gay and F. B. Dunning, Rev. Sci. Instrué8, 1635 R. Wehlitz, A. Yagishita, and T. Hayaishi, Phys. Rev.38,
(1992. 3902(1989.
[14] P. Elleaume and J. Chavanne, Nucl. Instrum. Methods Phyq40] J. B. West, P. R. Woodruff, K. Codling, and R. G. Houlgate, J.
Res. A304, 719(199)). Phys. B9, 407 (1976.
[15] M. Drescher, G. Snell, U. Kleineberg, H.-J. Stock, N. M [41] M. O. Krause, T. A. Carlson, and P. R. Woodruff, Phys. Rev.
U. Heinzmann, and N. B. Brookes, Rev. Sci. Instri@8,. 1939 A 24, 1374(198)).
(1997). [42] L. Torop, J. Morton, and J. B. West, J. PhysOR035(1976.

[16] N. Muller, R. David, G. Snell, R. Kuntze, M. Drescher, N. [43] U. Becker, T. Prescher, E. Schmidt, B. Sonntag, and H.-E.
Bowering, P. Stoppmanns, S.-W. Yu, U. Heinzmann, J. Vief- Wetzel, Phys. Rev. 83, 3891(1986.
haus, U. Hergenhahn, and U. Becker, J. Electron Spectros¢44] B. Kammerling, H. Kossman, and V. Schmidt, J. Phys2B
Relat. Phenom72, 187 (1995. 841(1989.

[17] G. Snell, M. Drescher, N. Mier, U. Heinzmann, U. Hergen- [45] B. W. Yates, K. H. Tan, L. L. Coatsworth, and G. M. Bancroft,
hahn, J. Viefhaus, F. Heiser, U. Becker, and N. B. Brookes, Phys. Rev. A31, 1529(1985.

Phys. Rev. Lett76, 3923(1996. [46] A. Ausmees, S. J. Osborne, R. Moberg, S. Svensson, S. Ak-

[18] J. B. Kortright, H. Kimura, V. Nikitin, K. Mayama, M. Yama- sela, O.-P. Sairanen, A. Kivimaki, A. N. D. Brito, E. Nom-
moto, and M. Yanagihara, Appl. Phys. Lef0, 2963(1992. miste, J. Jauhiainen, and H. Aksela, Phys. Rev5} 855

[19] J. Viefhaus, L. Avaldi, G. Snell, M. WiedenftpR. Hentges, (1995.
A. Rudel, F. Schters, D. Menke, U. Heinzmann, A. Engelns, [47] S. Southworth, U. Becker, C. M. Truesdale, P. H. Kobrin, D.
J. Berakdar, H. Klar, and U. Becker, Phys. Rev. Lé#.3975 W. Lindle, S. Owaki, and D. A. Shirley, Phys. Rev.28, 261
(1996. (1983.

[20] G. Snell, M. Drescher, N. Mier, U. Heinzmann, U. Hergen- [48] B. Kammerling, B. Krasig, and V. Schmidt, J. Phys. B3,
hahn, and U. Becker, J. Phys.3, 1 (1999. 4487(1990.

[21] O. Bjorneholm, F. Federmann, C. Larsson, U. Hahn, A. Rieck,[49] B. Kammerling, Ph.D. thesis, Universit&reiburg, 1991.
S. Kakar, and T. Miter, Rev. Sci. Instrum66, 1732(1995. [50] G. Snell, E. Kukk, B. Langer, and N. Berrah, Phys. Re\6 A

[22] Hasylab Annual Repoi1994), p. 24. 042709(2000.
[23] W. Peatman, C. Carbone, W. Gudat, W. Heinen, P. Kuske, JJ51] W. R. Johnson, K. T. Cheng, B. Kamerling, and V. Schmidt,
Pfluger, F. ScHars, and T. Schiter, Rev. Sci. Instrum60, Phys. Rev. Lett69, 1144(1992.
1445(1989. [52] W. R. Johnson and K. T. Cheng, Phys. Rev.48 2952
[24] BESSY Annual Report1987, p. 371. (1992.
[25] K. Rabinovitch, L. R. Canfield, and R. P. Madden, Appl. Opt. [53] Z. Altun, M. Kutzner, and H. P. Kelly, Phys. Rev. 2V, 4671
4, 1005(1965. (1988.
[26] A. Gaupp and M. Mast, Rev. Sci. Instru®0, 2213(1989. [54] M. Kutzner, V. Radojevic, and H. P. Kelly, Phys. Rev.48,
[27] T. Koide, T. Shidara, M. Yuri, N. Kandaka, K. Yamaguchi, 5052(1989.
and H. Fukutani, Nucl. Instrum. Methods Phys. Res3@8 [55] N. A. Cherepkov, J. Phys. B2, 1279(1979.
635 (1991). [56] M. Y. Amusia, V. K. Ivanov, and L. V. Chernysheva, Phys.
[28] L. G. Gray, M. W. Hart, F. B. Dunning, and G. K. Walters, Lett. A 59, 191(1976.
Rev. Sci. Instrum55, 88 (1984). [57] V. Schmidt, Rep. Prog. Phys5, 1483(1992.
[29] U. Heinzmann, J. Phys. B3, 4353(1980); 13, 4367(1980. [58] U. Hergenhahn, Ph.D. thesis, Technical University Berlin,
[30] K.-N. Huang, Phys. Rev. &2, 223(1980. 1996.

032712-15



