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Angular distribution of Xe 5 p spin-orbit components at 106-200-eV photon energies
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Angular distribution of the Xe p photoelectrons was measured in the 100—200-eV photon energy range
using linearly polarized synchrotron radiation. The experiment was done out of so-called dipole plane in order
to obtain information also about nondipole angular distribution parameteasd 6. The experimentally
determined angular distribution parameters were compared with theoretical values obtained from the recent
calculations based on the relativistic random-phase approximation. Experiment shows that both the dipole and
nondipole parameters describing the angular distribution vary in accordance with calculations which account
for the interchannel coupling. In addition, relativistic effects are visible in angular distribution of thepXe 5
spin-orbit components.
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[. INTRODUCTION photoelectrons is more widely studi¢ske, e.g., Ref§24—
26]). In all studies, the nondipole contributions are expected
Already early experimentsl—3] resolving the cross sec- to be large enough to be measurable.

tion and angular distribution of the Xep5photoelectrons In the present work, the angular distribution of the X 5
have shown that multielectron correlatiésee, e.g., Refs. photoelectrons was measured with linearly polarized light in
[4,5]) plays an important role in describing the Xp Photo-  the 100—-200-eV photon energy range in order to determine
ionization. Later on as the experimental resolution improvedgxperimentally both the dipolg3) and the nondipoley and
the interest in photoionization was turned into the relativisticé) angular distribution parameters. The study provides also
effects. Again xenon, which manifests importance of relativ-information about the relative importance of relativistic and
istic effects by a large spin-orbit splitting, was chosen as anultielectron effects on Xe b photoionization.
showcase for theoretical studies. The spin-orbit resolved an-

gular distribution measurementg.g., Refs.[6—8]) have Il EXPERIMENT
been successfully explained by the calculations based on the '
relativistic random-phase approximatioRRPA) [9-11] or The measurements were carried out at the beam line 1411

nonrelativistic random-phase approximation with exchangen the third generation MAX-II storage ring in Max-Lab,
[12]. Recently, Toffoliet al. [13] reported theoretical results Lund, Swederj27,28. Emitted electrons were analyzed us-
based on relativistic time-dependent density-functionaing ESA-22 electron spectrometer. A detailed description of
theory. The theoretical results related to Xe photoioniza-  the analyzer is presented in RE29]. In short, the spectrom-
tion were, like in the case of other methods including theeter consists of a spherical and a cylindrical part where the
multielectron correlation effect®—-12], in good agreement spherical deflector transports the electrons from the scatter-
with experimental datf6—8]. Although the relativistic ef- ing plane to the entrance of the cylindrical analyzer. A
fects were noted to be important in describing the angulaspherical deceleration lens is placed around the source region
distribution in Xe % photoionization, the spin-polarization to improve the energy resolution of the system. The analyzer
study of Xe 5 photoelectrong14] shows that in spin- and the interaction region is lined with three layers of
polarization the relativistic effects can be neglected. In addiux-metal sheets reducing the residual magnetic field in the
tion to Xe 5p mainlines, also the corresponding photoelec-scattering plane and in the analyzer to less than 5 mG. The
tron satellite structure¢e.g., Refs.[15,16, and references photoelectrons were detected by 20 channeltrons in the co-
therein and Xe 5 excitations(e.g., Refs[17-19, and ref-  planar geometry, i.e., in the polarization plane at #e0°
erences therejrhave been studied both experimentally andazimuth angle and at 20 polar angles between 15° and 345°
theoretically. (except 0°, 90°, 180°, and 270°) relative to the polarization
For a long time, the nondipole contribution was expectedvector(see Fig. 1 in Ref[29]). The angular window of each
to be of importance in photoionization only in high photon channeltron was\ ¢=*1.7° in vertical andA = +£5° in
energies lv=5 keV), however, many recent studiésee, horizontal direction. The angular distribution of thp pho-
e.g., Refs[20-232, and references thergjrone of them ex- toelectrons was measured with a pass energy of 70 eV, yield-
tending down to 26 eV, have revealed that nondipole effecting the resolution of about 170 me¥ull width at half maxi-
are visible also in low photon energies. In addition, the non-mum (FWHM)]. The bandwidth of the photon beam using
dipole angular distribution parameters have been found to b&00-um exit slit varied between 0.05 and 0.24 eV depending
very sensitive to multielectron correlatig@1]. The nondi- on incident photon energy.
pole contribution in spin polarization of Xepbphotoelec- The correct intensity calibration of the individual angular
trons was investigated theoretically by Cherepkov and Seehannels is crucial for reliable analysis of the experimental
menov[23]. The nondipole angular distribution of Xep5 results. The relative efficiencies of the detectors were deter-
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IIl. RESULTS AND DISCUSSION zz
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FIG. 1. Experimental angular distribution dipole paramegtef

that describes angular distribution of photoelectrons for linthe Xe(a) 5p,,, and(b) 5paj, photoelectron line in comparison with
early polarized lightP, is the second-order Legendre poly- theoretical values based on 13- and 20-channel RRPA calculations
nomial, o, is the photoionization cross section of thé  [35]. (c) The experimental differencg;;,— B3, compared with the
orbital, 8 is the anisotropy parameter of the dipole interac-RRPA calculations. Dots show present experimental (sge text
tion E1, y and § are the parameters related to the quadru-for detailg, squares show the results of Krauteal. [6], whereas
pole interactionE2, whereast and ¢ define the polar and dashed and solid lines represent 13- and 20-channel RRPA calcula-
azimuthal angles relative to the polarization vector, respect.ions, respectively. _Error b_ars of the experimentally defined param-
tively. This expression shows that the nondipole interactiorfters are included in the first values only.
brakes down the cylindrical symmetry around the polariza-
tion vector. Therefore the accurate determination of the emig24]. The theory[35] seems to reproduce the experimental
sion angles §,¢) of the observed photoelectrons is very results very well as can be seen from Fig. 1. It should also be
important. In order to exclude so-called kinetic effe@se, noted that already 13-channel calculations predict almost the
e.g., Refs[32,33) from the experimental data, the compari- same behavior as the 20-channel calculations suggesting that
son of angular distribution parameters has been made fats and 4p ionization channels do not interact strongly with
electrons with the same kinetic energy. Therefore fhg, 5p channel. However, the overall accordance to experimen-
v12, and &y, parameter values corresponding to the kinetictal data, especially to the experimentally defined difference
energy of %5, photoelectron line were interpolated from the B1,— B3 is slightly better reproduced by the 20-channel
experimental values. calculation. The relative strengths of the relativistic effects

Figures 1a) and 1b) show the photoelectron energy de- and the channel interaction can also be estimated from Fig.
pendence of the dipole angular distribution paramefgys 1. The strong changes of thg53 parameters in Figs.(&)
and B3, of the Xe 5 spin-orbit components whereas Fig. and 1b), appearing in the region where also Xeé 4ross
1(c) represents the differeng® ,— B3, at 100—200-eV pho- section changes drasticallgee, e.g., Refl37]), reveal the
ton energies, i.e., at the region between the maximum of thetrong interaction betweenpSand 4d channels whereas the
Xe 4d shape resonance and the Xd €ooper minimum difference between thgs of the spin-orbit componenfsee
(see, e.g., Ref[34]). The present experimental values areFig. 1(c)] reflects the strength of the relativistic effects. It
compared with the only available spin-orbit resolved experi-should be noted that without any relativistic effect, the dif-
mental results in this energy ran§i] and with the latest ferenceB;,— B, would be zero. By comparing the changes
RRPA calculations of Johnson and Chef®p]. The 13- of the B values it is clear that the interchannel interaction has
channel calculations include the interaction betwepn 5s, stronger contribution to the dipole angular distribution pa-
and 4d channels whereas the 20-channel calculations includeameterg than the relativistic effects, which, however, are
also 4 and 4p channeld35]. In the present 20-channel cal- also clearly reflected by the nonzero differeng@g,— Bs».
culations[35], the 4p ionization energies have been replacedThe difference is largest at the Xep5Cooper minimum
by more realistic value§Eg(4psp) =145.5 eVEg(4p1)0) (around 150-eV photon energyn accordance with the pre-
=157 eV[36]] than the ones used in previous calculationsdictions of Kimet al.[38] and earlier experiments on Xe5
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FIG. 2. Experimental angular distribution nondipole parameter FIG. 3. Experimental angular distribution nondipole parameter
v of the Xe(a) 5p,;, and(b) 5p, photoelectron line in comparison 6 of the Xe(a) 5p,/, and(b) 5p3, photoelectron line in comparison
with theoretical values based on 13- and 20-channel RRPA calculawith theoretical values based on 13- and 20-channel RRPA calcula-
tions[35]. (c) The experimental ratig,/ y3, compared with both  tions[35]. (c) The experimental ratiéy,,/ 53, compared with both
RRPA calculations. Dots show the experimental dataor bar is  RRPA calculations. Dots show the experimental dataor bar is
included in the first value dashed line shows the results of the included in the first valuewhereas dashed line shows the results of

13-channel and solid line 20-channel RRPA calculations. the 13-channel and solid line 20-channel RRPA calculations.

[6] and Xe 4 [33] photoelectron angular distributions. 5s ionization where they parameter was found to be more
Figure 2 compares the present experimentplrameters  sensitive to channel interaction than tBeparametef21].

and the corresponding theoretical valygs] in the 100— The photoelectron energy dependence of the nondipole

200-eV photon energy range. The RRPA calculations includangular distribution parametéris presented in Fig. 3. Thé

ing also 4 and 4p c.hannels, ie., 20-channel calculations, parameters of both,, and 54, show slight increase as a
show a clear cusp with a maximum around 140- and 150-€¥,nction of the photon energy as also predicted by 13-
photoelectron energy foyy, and ys,, respectively. How- - cpanne| RRPA calculation85]. However, the sharp struc-
LT . Qlres produced by the 20-channel calculations cannot be
both ¥y, and s, parameters in this region. As seen from the, 1y rom the experiment. It should be noted that all &he

e>_<per|mental_values in Figs(d@) and 2b), there 1S rather a values should be considered cautiously as the statistical un-
wide bump instead of sharp structures predicted by 20-

channel calculation35]. The smooth changes of the experi- certainties folr pfarar_neters describing only a smalll part of to-
mental ratio y,,/ v, Seen in Fig. &) at around 130— tal angular distribution are reglly as large as depicted by the
190-eV photoelectron energies indicate that and/or 4  Sample error bars shown in FigdaB-3(c).

channels do interact withbionization channel. However,

the absence of sharp features predicted by 20-channel calcu-

lations indicates that present calculatid8§] overestimate IV. CONCLUSIONS

the interaction betweengband 4s and/or 4 orbitals. The

discrepancy between the experiment and the results of the In conclusion, the angular distribution of the X pho-
20-channel calculations might be caused by regarding phe 4toelectron line was measured in the polarization plane in
ionization as single-electron process in the RRPA calculai00—-200-eV energy range with linearly polarized synchro-
tions although Xe p~* state is known to strongly correlate tron radiation. The photoelectrons were simultaneously de-
with 4d~2nf,ef stateg[39]. It is also interesting to see that tected at 20 different angles in the 15°—345° angular region
the channel interaction modifies the behavior of the ¥e®b  relative to the polarization vector in the polarization plane.
parameters strongly whereas the changes inytharameters  As a consequence of our geometry all anisotropy parameters
are quite weak. This is quite contrary to the results of the Xg3,v,5) were determined from the same angular distribu-
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