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Strong nondipole effects in low-energy photoionization of the § and 5p subshells of xenon
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Large nondipole effects are predicted in the angular distribution of photoelectrons frons taed55
subshells of xenon for photon energies below 200 eV. The nondipole parayggethibits a dispersion-curve
variation near the first minimum of thesross section at 35 eV, reaching a minimum value-&.8 near 40
eV. Rapid variation ofys is also found near the second minimum of theecboss section at 150 eV, wheygg
reaches a maximum value of 1.2. Smaller, but significant, nondipole effects are also found in the parameter
{5p= Vspt 335y, Which has a maximum value of 0.15 near 50 eV, and a second maximum value of 0.18 near
160 eV. The higher energy maxima s and{s, arise from correlation enhanced by shape resonances in the
4p— f quadrupole photoionization channels. These predictions are based on relativistic random-phase approxi-
mation calculations in which excitations fronp55s, 4d, 4p, and 4 subshells are coupled.

DOI: 10.1103/PhysRevA.63.022504 PACS nuntder32.80.Fb, 31.25.Eb, 32.30.Rj

I. INTRODUCTION Hartree-Fock (HF) and random-phase approximation
(RPAE) calculations of the nondipole parametgy, for the
We present results of relativistic random-phase approxils and 3 subshells of argon at low energies and found large
mation (RRPA) [1] calculations of photoionization of the nondipole effects near threshold.

outer 5 and 5 subshells of xenon. Partial cross sections Measurements of the nondipole angular-distribution pa-
o, (®), angular-distribution asymmetry parametersrameters for inner shells of Ar and Kr were reported in Refs.

B.(). and nondipole parametes, () and y,.(w) for [8] and [9] and found to be in excellent agreement with
Nk 1 K Nk

: _ independent-particle approximationIPA) calculations.
5s and & photoelectrons are given for photon energies ,ever, measurements of nondipole effects for thes@b-

below 200 eV. The RRPA calculations of the electric dipoleghelis of Ne reported ifil0] were systematically higher than
(ED) amplitudes include the 20 possible dipole excitationthe IPA predictions for energies above the Nethreshold at
channels of the p, 5s, 4d, 4p, and 4 subshells, while the 870 eV. In Ref[11], random-phase approximation calcula-
electric quadrupoléE2) amplitudes include the 25 possible tions were carried out to investigate the possible influence of
quadrupole excitation channels of these subshells. Theorrelation on the nondipole parameters. These calculations
present results for,, (») and B, () are in good agree- confirmed a large intershell coupling effect on the dipole
ment with the previous 13-channel RRPA calculations ofParametes,, observed experimentally, but failed to explain
Ref.[2] which include all E1 channels from thep55s, and the_substantlal dlfferenqes between IPA calculations and ex-
4d subshells. Results for the nondipole parametgrgw)  Periment for the nondipole parametés,=y,,+35,, at
ands,,(w) are new; these nondipole parameters show interSUch high energies. The problem was finally resolved by
esting features, especially near the inization threshold, ~ Dereviankoetal. [12], who show that these discrepancies
Corrections to the dipole angular distribution arising fromaCtu(;illy Ian_se ffrom octupole-dipole  and  quadrupole-
dipole-quadrupole interference were considered two decadeqsu‘]Jl rtlﬁpo € mterterenkceti. RRPA i lied to stud di
ago by Amusia and Cherepkd@], who gave formulas for N e present work, the 1S applied 1o Study nondi-

h ) L3 . ole effects in the photoionization of time=5 shell of xenon
dipole-quadrupole interference contributions to the photmoni P

S . ; : . tor photon energies below 200 eV. For such low energies,
ization dlf_ferentlal cross section. In recent years, theoretic ctupole-dipole and quadrupole-quadrupole interferences are
investigations of nondipole corrections have been undertakqﬂsigmﬁcam, but correlation effects are known to be impor-

by Bechler and Praftd], who studied dipole-quadrupole in- tant. | arge nondipole modifications of the Bhotoelectron
terference effects on the photoelectron angular distributioyngular distribution are found in this energy range and
for 1s, 2s, and 2 shells of elements with nuclear charges smaller, but significant, nondipole effects are found for the
ranging from 6 to 40 in the Coulomb field and screenedsp angular distribution. The energy-dependence of the non-
Coulomb-field approximations, by Scofie[&], who gave dipole angular distribution parameters near threshold are
general formulas for the interference contributions to the dif-similar to those predicted in recent IPA calculatipmg], but
ferential cross section and carried out calculations usingre found to be very sensitive to intershell correlation. In
Dirac-Slater central potentials, and by Coodé&l, who particular, coupling of the $ and 5 subshells to the d
evaluated the dipole-quadrupole interference correctionsubshell changes the behavior of nondipole parameters from
nonrelativistically for noble-gas atoms using Herman-that predicted by IPA calculations substantially. In general,
Skillman potentials. Recently, Amusét al. [7] carried out  4p correlation has negligible effects on the partial cross sec-
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tions oy, and the angular distribution asymmetry parameters 5s 4d 4p
Bn«, but modifies the nondipole parameteys, and &,, 00 L i\ T
significantly near the g thresholds atv~160 eV. We shall g
show that these enhanced nondipole effects are due to th
presence of shape resonances in the—4 quadrupole 2 10° 3
photoionization channels. The effect of Zorrelation is © 2 ;
completely negligible in this energy range. 102 | [ f

i 5s+5p+4d [
55 only Ss+5p : 55+5p+4d+4p+4S =%

Xe 5s Shell

- - '
N

Il. RESULTS AND DISCUSSIONS 20

A detailed analysis of the dipole and nondipole angular
distribution parameters suitable for relativistic calculations 10 E
was presented ifi13] and we follow the notation of that [
paper here. The differential cross section for phot0|on|zat|on

of an electron from a subsheilk of a closed-shell atom is 0.0 -
dop, Unx(w) . : A I T S B . P
0 = {1+ B @) Py(cosb) :‘2’_ A R
+[Sne( @) + Vo @) cOS 0]sin O cosep}, 08 E
0.4 :_ H W -
where ¢ and ¢ are polar coordinates of the photoelectron = 4 : oo mm oo em=Rld ]
momentum vectop in a coordinate system with the photon 4 F / 3
polarization vectog oriented along the axis and the photon T : : '
propagation vectok oriented along thes axis. The angular 08 R
distribution asymmetry parametg,,.(w) results from inter- 0 50 100 150 200

ferences between E1 amplitudes, while the nondipole param
etersd,  (w) and y,,(w) result from interferences between
E1 and E2 amplitudes. Since measurements of the nondipole FIG. 1. Photoionization parameters for the fbshell of xenon.
parameter are often carried out at the magic angle wher#ertical dotted lines are experimental subshell thresholds.
cos9=1/3, it is convenient to introduce a third parameter
{ni(@)=Yne(w) +36,(w). For ns subshells,5,s(w)=0  when excitations of the d subshell are included in the cal-
and {ps(w) = yns( ). culation, a second minimum appears in thedsoss section

Our results for the xenon photoionization parameters arat 150 eV. Similarly, 4 correlation leads to the appearance
presented in Figs. 1 and 2. In these figures, we show resultsf two minima inos, near 50 and 160 eV, respectively. Only
of a sequence of RRPA calculations of increasing complexthe first minimum inoss shows up in uncoupled IPA calcu-
ity over the entire photon energy range from the firgt 5 lations; the other three minima ins, andos, are results of
threshold to 200 eV. Our starting point for studies of photo-couplings with the “giant resonance” in thed4-f excita-
ionization of the § subshell is a two-channel calculation in tion channel§14]. Although 4d correlation leads to substan-
which only 55— py;; and 55— ps, excitations are included. tial modifications of partial cross sectiongs andos, and in
These calculations are labeled $%only” in Fig. 1. For  the angular distribution parametefss and s, the influ-
photoionization of the p subshell, our starting point is a ence of the $ and 4s excitations on these four parameters is
five-channel calculation in which the twop5-s and three insignificant. Consequently, the cross sections Arghram-
5p—d channels are included; these calculations are labelegters for the § and 5 shells obtained here, which include
“5 p only” in Fig. 2. At the next level of sophistication, we excitations from 5, 5p, 4d, 4p, and 4 subshells, are in
show results from “5+ 5p” calculations in which excita- close agreement with previous calculations of Ref, in
tions of the seven$and 5 excitation channels are coupled. which 5s, 5p, and 4l excitations were included, busand
Next, we show results from more realistic 13-channek"5 4p excitation channels were ignored.
+5p+4d” calculations in which excitations of theddsub- Turning now to the nondipole parametgys shown in the
shell are included; and, finally, we show results of the 20dower panel of Fig. 1, we note that near the first Cooper
channel “5s+5p+4d+4p-+4s” calculations in which ex-  minimum in the 5 partial cross section at 35 eV has a
citations of the 4 and 4p subshells are also included. In dispersion-curve shape which, like the corresponding dip in
each case, corresponding E2 photoionization calculations athe 8z, curve, is strongly modified by channel couplings. In
also carried out. They include up to 25 quadrupole channelparticular,yss reaches a minimum value ef0.8 at 40 eV in
from then=4 and 5 subshells. calculations including excitations of thed4subshell. This

All calculations predict a Cooper minimum imss near  unusually large nondipole effect at such low energies is
the 5 threshold. The exact location of this minimum clearly enhanced by the presence of the Cooper minumum
changes as we increase the number of excitation channelshere the E1 amplitudes are suppressed, resulting in larger
but stabilizes after thed}excitations are added. Moreover, E1-E2 interference effects. We mention in passing that the
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0.2 ' ' FIG. 3. The 49— f quadrupole shape resonances in xenon. Ver-
= 01 E tical dotted lines are experimental subshell thresholds.
0.0F calculations. We return to this point later.
04k The nondipole parametergs,, ds,, and {5, shown in
r the three lower panels of Fig. 2 also have interesting features.
C We note first that the size @k, is very small throughout the
0.02 - entire energy range. As a result, thrg, and {s, curves in
C Fig. 2 are similar. Two successive maximayg, and {5
w 0.00 F o : g =P
L 1 appear in the interval 20—-70 eV, where thg &oss section
0.02 _ _ is large. When the d channels are included, the second of
TR P . these low-energy maxima shifts down to 50 eV and are sub-
0.0 L E o M , 58+5p+dd+dp+ds ] stantially reduced, while new maxima appear near 140 eV.
B T S B L B ISR As in the case ofysg, the inclusion of additional @ and 4s
ook i ; 53+5p+4d+4p:+437 ] channels has very little effect on these nondipole parameters
C 5s+5p+4d i ] at low energy, but leads to unexpectedly strong, double-peak,
C gi resonancelike features near th@ 4hreshold at 160 eV.
oo 01 These features are due mainly tp dhannel coupling, asst
[ & ] correlation effects are found to be quite negligible. The fact
0.0 F X Seeeet i J that these resonancelike features only show up in the nondi-
[ C, g Sponly i pole parameters near th@ 4hreshold for both the $and 5
0 50 100 150 200 shells suggests that they come from the E2 amplitudes

which, apparently, are strongly influenced by coupling with
the 4p quadrupole excitation channels in this energy range.
FIG. 2. Photoionization parameters for thp Subshell of xe- Closer inspections show that these localized E2 correlation
non. Vertical dotted lines are experimental subshell thresholds. enhancements are due to shape resonances in ghef4
quadrupole excitation channels which appear just above the
experimental values gBss in this energy range as reported 4ps, and 4p,,, thresholds.
in Refs.[15] and[16] were obtained assuming a pure dipole In Fig. 3 these shape resonances are examined in greater
form for the angular distribution whergss= d55=0. detail. In the upper panel of this figure, the E2 partial cross
At higher energies;yss remains close to zero until the sections from the @, and 4ps, shells are shown. They
second cross-section minimum at 150 eV is reached. Therelearly look like “giant resonances” extending well over 10
vss becomes large again in calculations that includeex- eV above the two @ thresholds. In the lower panel of Fig. 3,
citation channels. It is interesting to note that while the low-the quantum defects of the outgoifgartial waves in each
energy part ofyss remains unchanged wherp4and 4 ex-  of the three excitation channels are plotted. Theseave
citation channels are included, theg curve near the @ quantum defectg are seen to change by(the correspond-
thresholds is greatly influenced by th@ 4£hannels. In par- ing phase shifts=7u change by=x) in the same energy
ticular, the peak value ofsg increases from 0.8 in thes5 range, indicating that these are indeed shape resonances in
+5p+4d calculations to 1.2 in thes+5p+4d+4p+4s  the quadrupole excitation channels. These “giant quadrupole
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0.35 prrr T T T In general, the B,, and 53, photoionization parameters
0.30 F P Xe 5p Shell 3 are similar to the weighted averages shown in Fig. 2. Near
the 4p threshold, however, resonant enhancement leads to
very different 54, and 53, nondipole parameters. In Fig.

4 we show the individual contributior&pllz(w), §5p3/2(w),

and {sp(w) at higher resolution in the vicinity of thep}

0.25E
0.20 F
0.15 &

0.10F """ = thresholds. The presence op4-ns and 4p;— nd autoion-
0.05 F 4p= 4;) 3 ization resonances complicates the behavior from below the
0.00 Froiati it et 4pg, threshold to the g/, threshold @~ 150-164 eV);
130 140 150 160 170 180 190 200 we average over these resonances in the figure. Results ob-
Photon Energy (eV) tained without the § and 4s excitation channels are also

FIG. 4. Nondipole parametefs;, = vep + 355, for the 5y, shown as dashed lines in Fig. 4. It is interesting to note that

and H,), subshells of xenon in the vicinity of thep4,, and 45, the resonances in the individual parameteggllz(w) and
thresholds. Solid lines: &+ 5p+4d+ 4p+ 4s calculations. Dashed  {sp, (@) are slightly out of phase. As a result, the size of the
lines: 5s+5p+4d calculations. Vertical dotted lines are experi- composite parametefs,(w) is substantially reduced.

mental subshell thresholds. In summary, we find that the nondipole photoionization
arameterys, for the 5s subshell of xenon has a dispersion-
haped dependence on energy near 50 eV reaching a mini-
mum of —0.8, and a resonant behavior near 160 eV reaching
a maximum of 1.2. The nondipole paramet@y(w) also
reaches a local maximum of 0.15 near 50 eV and a second

greatly enhanced. It should be noted that there are similgfaximum of 0.18 near 160 eV. The h|gh-e_nergy maxima in
shape resonances in the-5f quandrupole excitation chan- ?5s and{s, near the 4 threshold are associated with shape

nels just above thesthreshold at 13 eV. But since theps ~€sonances in thepd—f quadrupole excitation channels.

cross section is close to 100 Mb there, no enhancement in the
nondipole parameters from those shape resonances can be

resonances” boost the E2 photoionization amplitudes of thé
5s and 5 shell through quadrupole channel coupling. Along
with the reduced E1 amplitudes in the vicinity of dipole
cross section minima near thep4hreshold, nondipole ef-
fects in photoionization of the $and 5 shells are thus
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