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Nondipole parameters in angular distributions of electrons in photoionization of noble-gas atoms
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The parameters that determine the nondipole (E12E2) corrections to the photoelectron angular distribution
have been investigated for thes- andp-subshells of the noble-gas atoms through comparing results calculated
in the Hartree-Fock~HF! approximation and taking into account multielectron correlations, using the random-
phase approximation with exchange. Our results cover the photoelectron energy rangee from the photoion-
ization thresholds to 1.6 keV. We find the interesting result that near the photoionization thresholds these
parameters are generally characterized by an oscillatory behavior as a function ofe, exclusive of the parameter
for the He 1s subshell. These oscillations are sensitive to multielectron correlations, except those of the Ar 3p
subshell. This finding supports once more that the photoprocesses in these atomic subshells are of a collective
character. We conclude that their correct description cannot be achieved within the framework of a one-
electron approximation such as the HF approximation. Results are presented and discussed.
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I. INTRODUCTION

The angular distribution of the electrons ejected in atom
photoionization is an important source of information on t
inner atomic structure and the dynamics of the process.
angular differential cross sections in contrast to the to
cross sections are more sensitive to the coupling among
atomic electrons. Thus, they provide a stringent test of the
when its results are compared with those from measurem
Until recently the possibility of studying the atomic phot
ionization process was limited mainly by the low intensity
the ultraviolet and x-ray radiation sources and the impo
bility of varying the radiation frequencies over a sufficien
wide range. In fact, not too long ago major experiments
this field were performed using discrete lines from x-r
tubes@1–3#. The experimental and theoretical studies at t
time concentrated mainly on the investigation of the in
vidual subshell contributions to the total atomic photoioniz
tion cross sections.

Nowadays, very intense tunable and highly polarized p
ton beams produced by synchrotrons and electron sto
rings make it possible to study also the angular distribut
of photoelectrons in great detail. Modern photoelectron sp
troscopy facilities allow the measurement of both differen
and total photoionization cross sections of individual atom
subshells. For several years a number of experiments in
field of atomic photoionization focused on the measurem
of the nondipole terms in the photoelectron angular distri
tions @4–8#, although the deviation from the dipole angul
distributions of photoelectrons was observed much ea
@9#. However, the data were obtained at relatively high p
ton frequenciesv ’s. It is clear that the experimentalists wi
soon move to the much more interesting lowv domain
where the role of interelectron interaction is larger but
nondipole parameters themselves are smaller than at higv.
Therefore, theoretical predictions in this regime are imp
tant, interesting, and timely.
1050-2947/2001/63~5!/052506~8!/$20.00 63 0525
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The one-electron approach used in the calculations
nondipole parameters@10,11# proved to be insufficient to de
scribe recent experimental findings@12#. In this experiment
the dipole and nondipole asymmetry parameters of the an
lar photoelectron distribution in the 2p photoionization of
Ne was measured. The measured results for the dipole
rameter are in good agreement with other experimental d
obtained in@13#. But the values of the nondipole asymmet
parameters are one-and-a-half-times higher than those o
one-electron Hartree-Slater prediction@10#. In order to ex-
plain this disagreement, the multielectron correlations in
were taken into account in recent papers@14,15#. Using only
the random-phase approximation with exchange~RPAE! the
experimental data@12# were described satisfactorily. Th
same approximation was used in@16# to calculate the asym
metry parameters for thes subshells of some atoms and al
in papers@17–19# to describe the behavior of the nondipo
angular asymmetry parameters in the vicinity of quadrup
and dipole autoionizing resonances.

Although some calculations of the nondipole paramet
were performed beyond the framework of the one-elect
approximation, these were carried out nonsystematica
The aim of this paper is to fill a gap in this field. We wi
attempt to shed light upon the influence of multielectron c
relations as a function of the frequency on the nondip
asymmetry parameters, starting from the ionization thre
olds. Quite often the one-electron approximation is incapa
of describing even the total photoionization cross section
the outer subshells of multielectron atoms, not to mention
differential cross section. This is connected with the fact t
the photoionization of outer atomic subshells has, as a ru
collective character. With this in mind, we will calculate th
nondipole parameters for the outers and p subshells of the
noble-gas atoms, where correlation effects are expected t
strong. Consequently, we shall use the one-electron Hart
Fock approximation as a first step and then take into acco
the multielectron correlations in the framework of the RPA
©2001 The American Physical Society06-1
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As is known the latter approximation has been successfu
calculating the dipole photoionization cross sections and
angular asymmetry parameter for the outer and intermed
subshells of numerous atoms@20#.

In this paper we report calculated results of the nondip
asymmetry parameters obtained in the one-electron Har
Fock approximation~HFA! and in the RPAE for the atomic
subshells: He(1s), Ne(2s,2p), Ar(3s,3p), Kr(4s,4p), and
Xe(5s,5p). The results cover the photon-energy range fr
the outers andp subshell thresholds to about 1.6 keV. Se
tions II and III deal with the theory and results, respective
while Sec. IV presents the conclusion and discussion.

II. THEORY

A. Overview

Theoretical calculations of the nondipole effects in t
low photon-energy region can be performed using a non
ativistic approach. Then the amplitude of the atomic pho
ionization is proportional to the modulus squared of the m
trix element@21#

Mi f 5^ f u~eW•pW !exp~ ikW •rW !u i &, ~1!

where u i & and u f & are the initial and final atomic states, r
spectively, andkW and eW are the photon momentum and p
larization vector,rW is the electron coordinate, andpW is its
momentum operator. Modern understanding of the lo
energy atomic photoeffect is largely based on the dipole
proximation @20–23#. For frequencies satisfying the cond
tion kc>va/c!1, where a is the radius of the ionized
atomic subshell andc is the velocity of light, the photon
interaction with the atomic electron becomes purely elec
dipole (E1). In this case, where the exponent in Eq.~1! is
replaced by unity, the values of the photoelectron orb
angular momenta in the final state are determined by
dipole selection ruleD l 561. The interference between th
corresponding photoelectron waves leads to the general
mula for the angular distribution of photoelectrons@24#.

For high photon energies the dipole approximation is
longer valid @25,26#. The inclusion of retardation, i.e., th
exp(ikW •rW) factor in the photon-electron interaction leads
the asymmetry of the differential cross section. Although
retardation correction to the dipole angular distribution c
be calculated correctly in the nonrelativistic approximati
with an accuracy of up to the terms of the first order inkW
@25,26#, the corrections of the second and higher orders
accounted for only in the fully relativistic approach@27#. To
calculate the first retardation correction in the nonrelativis
approximation, i.e., the nondipole correction to the differe
tial cross section for photoionization, Eq.~1! must be rewrit-
ten as@21#

Mi f 5^ f u~eW•pW !@11~ ikW •rW !#u i &. ~2!

The second term in Eq.~2! term defines the amplitudes o
magnetic-dipole (M1) and electric-quadrupole (E2) transi-
tions. The interference of theE1, M1, andE2 amplitudes
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leads to a more complicated general form of the photoe
tron angular distribution@28,29#. In this case the nondipole
corrections to the atomic photoeffect cross section are
results of interference between theE1 andE2 electron tran-
sitions from the initial atomic state to the continuum fin
state.

To describe the observed@2,3# deviations from the dipole
angular distributions for Kr at lower photon energies~0.3 to
1.5 keV! hydrogenlike wave functions were used@30# for the
3s, 3p, and 3d electrons of Kr. Within the one-electro
relativistic central-field approximation the differential cro
section for unpolarized radiation is given by@31–33#

dsnl~v!

dV
5

snl~v!

4p
SnBnPn~cosq!, ~3!

wheresnl(v) is the total photoionization cross section of th
nl atomic subshell andPnl(cosu) are the Legendre polyno
mials. The relativistic approximation can also be used to
scribe the differential cross section for photoionization
lower energy@34#. Then Eq.~3! reduces to@35#

dsnl~v!

dV
5

snl~v!

4p F12
b~v!

2
P2~cosq!G , ~4!

whereb(v) is defined by the dipole matrix elementsDl 61
and the phase shiftsd l 71 of the photoelecton wave functions
The replacement in Eq.~4! of 2b(v)/2 by b(v) describes
the differential cross section by polarized incident light.
this caseq is the angle between the direction of the pola
ization and the direction of the photoelectron.

The general expression for the differential cross sect
for photoionization by unpolarized light, including th
lowest-orderE12E2 interference corrections, is given b
@36,37#

dsnl~v!

dV
5

snl~v!

4p F12
b~v!

2
P2~cosq!1kg~v!P1~cosq!

1kh~v!P3~cosq!G . ~5!

The expression for the nondipole angular distribution para
eters and via dipole and quadrupole matrix elements
phase shifts of the photoelectron wave function in the c
tinuum were obtained@36,37#. For linearly polarized radia-
tion the corresponding formulas were also derived in pap
@38,39,10#

dsnl~v!

dV
5

snl~v!

4p
$11b~v!P2~cosq!

1@dC~v!1gC~v!cos2~q!#sinq cosF%.

~6!

Here q is the polar angle of the photoelectron velocityvW

with respect to the photon polarization vectoreW , andF is the
azimuthal angle defined by the projection ofvW in the plane
perpendicular toeW and containing the photon propagatio
6-2
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NONDIPOLE PARAMETERS IN ANGULAR . . . PHYSICAL REVIEW A 63 052506
vector kW . The nondipole asymmetry parametersgC(v) and
dC(v), introduced in@10#, are connected tog(v) andd(v)
of Eq. ~5! by the following relations:

gC/51dC5kg, gC/552kh. ~7!

Formulas for nondipole parameters and expressions s
lar to Eqs.~5! and ~6! were also derived in Ref.@11#. The
extension to nonrelativistic calculations of the first-order
tardation corrections to the angular distribution for thes and
p atomic subshells were performed@10,11#. The general for-
mula for the angular distribution for the case of arbitra
photon polarization was derived@40#. Recently, the nondi-
pole asymmetry parameters for Ar 1s, Kr 2s, and 2p sub-
shells were measured at photon energies of 2–3 keV ab
their respective thresholds@41#. These measurements fo
cused on the core levels of the noble gases and started
tailed investigations of the nondipole asymmetry parame
gC(v) anddC(v) in the angular photoelectron distribution
given by Eq.~6!. The measurements of the nondipole para
eters for the inner atomic subshells agreed with the calc
tions @10,11#.

B. General formulas for nondipole asymmetry parameters

The expressions for the nondipole asymmetry parame
gC(v) and dC(v) involving dipole and quadrupole matri
elements and photoelectron phase shifts in the case o
arbitrary orbital angular momentuml of a bound electron are
rather complicated and can be found in@10,36–39#. In this
paper we present only the expressions of interest, fors andp
atomic subshells. In the single-electron approximation
the s subshell one has

ds
C50 and gs

C~v!56k
q2

d1
cos~d22d1!. ~8!

For thep subshell thedC parameter is of the form

dp
C5

3k

5@d0
212d2

2#
$d0@q1 cos~d12d0!1q3 cos~d32d0!#

1d2@q1 cos~d12d2!1q3 cos~d32d2!#%, ~9!

while thegC is given by the expression

gp
C5

3k

5@d0
212d2

2#
$25d0q3 cos~d32d0!

12d2@2q3 cos~d32d2!23q1 cos~d12d2!#%.

~10!

In these formulasqi and di are the quadrupole and dipo
radial matrix elements of the transition between one-elec
initial ns(p) states and the corresponding states of the c
tinuous spectrume l , wheree is the photoelectron energy an
l is the angular momentum of an electron in the final sta
d i(e) are the phase shifts of the photoelectron wave fu
tions in the continuum.
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The dipole and quadrupole matrix elements are de
mined by the radial integrals

d15E Pns(p)~r !rPe l~r !dr and

q25 1
2E Pns(p)~r !r 2Pe l~r !dr, ~11!

with Pns(p)(r )/r and Pe l(r )/r being the radial parts of the
one-electron wave functions of thens(p) subshells and the
continuum spectrum, respectively. In order to take into
count the multielectron correlations, we have to genera
the formulas for the nondipole parameters. The dipole a
quadrupole matrix elements will be calculated in the fram
work of the RPAE@20#. The procedure of solving the RPAE
equations for the dipole transition is discussed in@42#. For
the quadrupole matrix elements a similar procedure is us
Symbolically, the RPAE equations for the matrix elemen
Di andQj can be written in the form

D̂ i5d̂i1Û1x̂1Di and Q̂j5q̂ j1Û2x̂2Qj , ~12!

where d̂(q̂) are the dipole~quadrupole! photon-absorption
operators in the one-electron approximation,Û1 (Û2) are
the dipole~quadrupole! components of a combination of th
direct and exchange Coulomb interelectron interaction. T
operatorsD̂ (Q̂) and d̂ (q̂) describe the elimination of an
electron from the atom, i.e., the creation of an electron-h
pair. The operatorsx̂1 (x̂2) describe the propagation of th
initially created~or any other connected to it by the Coulom
interelectron interaction! electron-hole pair. Again, symboli
cally, x̂1 (x̂2) can be expressed as

x̂1(2)5
1̂

v2e1(2)2 ih
2

1̂

v1e1(2)
. ~13!

Heree1(2).0 is the energy of an intermediate electron-ho
state excited through a dipole~quadrupole! transition.

In Eq. ~12!, the summation over the intermediate discre
states and the integration over the continuum states are
formed. The imaginary parts of theD and theQ matrix ele-
ments come from the fact that the energy denominator of
first term of Eq.~13! can reach zero as indicated below. T
behavior near this singularity is defined by introducing t
infinitesimal imaginary termih. The first term in Eq.~13!
can be expressed as

1

~v2e1(2)2 ih!
5P

1

~v2e1(2)!
1 ipd~v2e1(2)! ~14!

where P denotes the principal value of the integral. Acco
ing to Eq.~14!, the dipole and quadrupole matrix elements
the RPAE become complex values:Di5Di81 iD i9 and Qj

5Qj81 iQ j9 respectively. As was shown in@36,37#, in order
to generalize the formulas for the nondipole parameters
necessary to replace in Eqs.~8!–~10! the matrix elementsdi
and qj by Di and Qj , respectively. The nondipole param
6-3
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M. YA. AMUSIA et al. PHYSICAL REVIEW A 63 052506
eters, in this case, are described by expressions simila
those in Eqs.~8!–~10!, but with the following substitutions:

di
2→uDi8u

21uDi9u
2,

and

diqj cos~d j2d i !→~Di8Qj81Di9Qj9!cos~d j2d i !

2~Di8Qj92Di9Qj8!sin~d j2d i !. ~15!

Formulas~6!–~8! and ~12!–~15! will be used in Sec. III to
calculate the nondipole asymmetry parameters. Note tha
Eq. ~15! only terms of orderk are retained so that terms o
order uQj u2 are neglected.

III. NUMERICAL RESULTS

Before we present the results of our calculations, we n
that the experimental procedure for measuring the nondip
parameters for linearly polarized photons consists of reco
ing the number of photoelectrons ejected at definite an
and relative to the photon polarization vector@6,7#. The par-
ticular choice of a ‘‘magic polar angle’’ in these experimen
permits the measurement of the nondipole parametergC for s
subshells and the combinationgC13dC for atomic subshells
with l .0. Therefore only the quantitiesgs

C and gp
C13dp

C

were calculated for the outers andp shells of these noble-ga
atoms. The numerical calculations of the electron wave fu
tions and matrix elements in the Hartree-Fock~HF! approxi-
mation and in the RPAE both in the ‘‘length’’ and ‘‘veloc
ity’’ forms were performed using standard codes@42#. In our
RPAE calculations considered below the summation and
tegration over intermediate states in the matrix form of E
~12! include three nearest discrete excited levels and 55 c
tinuum states.

A. He 1s shell

Multielectron correlation effects have been found to
unimportant in the calculation of the total photoionizati
cross sections of the He 1s shell @43#. Consistent with this
finding, Fig. 1 demonstrates that our HF-L and RPAE results
for the nondipole asymmetry parametergs

C for the 1s shell
agree excellently over the entire photoelectron energy ra
implying that the multielectron correlation effects are a
insignificant in the calculation ofgs

C for the He 1s shell.
Only the HF-L ~represented simply as HF! result is shown in
Fig. 1 because the HF-L and HF-V results are almost iden
tical. The electron wave functions in this case are close
hydrogenlike wave functions. The potential field acting up
the outgoing photoelectron in He1 is very close to the pure
Coulombic one. Therefore, the behavior of the nondip
asymmetry parametergs

C as a function ofe increases mono
tonically, and is everywhere positive.

B. Ne 2s subshell

The results forgs
C(e) for the 2s-shell of Ne are given in

Fig. 2. The multielectron correlations in this case are con
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erably more important than in He. At and near threshold
HF and RPAE results agree excellently, indicating the un
portance of the multielectron correlation effects in this e
ergy range. However, around the maximum and beyond
minimum, the HF and RPAE results differ significantl
demonstrating the importance~onset! of multielectron corre-
lations. Also ase increases beyond the minimum, the HF-V
result deviates from the HF-L one, and eventually merge
with the RPAE result neare51.5 keV. This supports the
well-known fact that sometimes the HF-V result is more re-
liable when compared with the HF-L one.

The e dependence ofgs
C in Ne is essentially different

from that for a hydrogenlike atom. The functiongs
C(e)

changes its sign near the photoionization threshold. The

FIG. 1. Nondipole asymmetry parametergs
C for the 1s subshell

photoionization of He as a function of the photoelectron ener
Hartree-Fock results in the length HF-L and velocity HF-V formu-
lations are presented~dashed curve! together with those of the
RPAE ~solid curve!.

FIG. 2. Nondipole asymmetry parametergs
C for the 2s subshell

photoionization of Ne as a function of the photoelectron ener
Hartree-Fock results in the length HF-L ~long-dashed curve! and
velocity HF-V ~short-dashed curve! formulations are compared with
those of the RPAE~solid curve!.
6-4
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NONDIPOLE PARAMETERS IN ANGULAR . . . PHYSICAL REVIEW A 63 052506
curves go through zero twice. The first zero ate'78 eV is
located where the function cos(d22d1) in Eq. ~8! is equal to
zero. The second zero ate'244 eV is due to the sign varia
tion of the quadrupole matrix elementq2.

In RPAE calculations of the dipole matrix elementsD1 all
excitations from the 1s, 2s shells to n(e)p states, and
from the 2p level to n(e)s and n(e)d states, are included
Also in calculations of the quadrupole matrix elementsQ2
all transitions, namely 1s2n(e)d, 2s2n(e)d, 2p2n(e)p,
and 2p2n(e) f , are simultaneously taken into account. Bo
the dipole and quadrupole transitions involve a coupled fo
channel problem. The RPAE curve in Fig. 2 is close to z
at the 2s photoionization threshold. The location of the fir
zero by the RPAE calculation coincides with that for H
curves. For this electron energy the imaginary parts of
dipole and quadrupole matrix elements in Eq.~12! are small.
Therefore, these zeroes in the HF and the RPAE curves
located at the same energy. The second zero ate5337 eV
for the RPAE curve is due to the sign variation of the n
merator of Eq.~8!. As in the HF case, this zero is connect
with the behavior of the quadrupole matrix element, viz,
functionQ28(e) changes its sign in the vicinity of this energ
The curves obtained are in good agreement with the exis
experimental data@7# and calculations@14#. The detailed
comparison with these data is presented in our recent p
@43#.

C. Ne 2p subshell

The calculatedgp
C13dp

C for the Ne 2p subshell as a func
tion of e is presented in Fig. 3. In this case, the differen
between the HF-L and HF-V data is small; therefore, only
the HF-L result is shown, simply as HF. The numeric
RPAE procedure in this case is the same as for the Nes
shell. The functiongp

C13dp
C increases monotonically from

zero at the photoionization threshold up to a value of ab
0.9 at the photoelectron energye51.6 keV. Qualitatively,
the behavior ofgp

C13dp
C as a function of photoelectron en

FIG. 3. Nondipole asymmetry parameter (gp
C13dp

C) for the Ne
2p subshell photoionization as a function of the photoelectron
ergy. Only the Hartree-Fock length~dashed curve! in this figure and
throughout the subsequent figures is compared with the RP
~solid curve!.
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ergy is similar to that ofgs
C for He or for H. We note that

multielectron correlations begin to show fore greater than
about 0.4 keV; these effects are still smaller here than t
are for the Ne 2s shell.

D. Ar 3 s subshell

The RPAE and HF-L values for gs
C(e) for the Ar 3s

subshell are shown in Fig. 4. The insert on this figure rep
sents the functiongs

C(e) also at high photoelectron energie
up to 1.6 keV. The parametergs

C(e) in the HF approxima-
tion is a sign-changing function. The large value of this p
rameter at the 3s threshold results from the fact thatd1 is
small andq2 is large at threshold. The first zero ings

C(e) at
e;2.3 eV is located where cos(d22d1)50. The second
and third zeros at photoelectron energiese'21.2 and e
'707 eV, respectively, are due to the sign variation of
one-electron quadrupole matrix elementq2.

In the RPAE calculations for Ar all virtual dipole an
quadrupole excitations from the 3p, 3s, 2p, and 2s sub-
shells were included, and the RPAE equations for s
coupled channels were solved. The electron correlation
RPAE, particularly the influence of the 3p6 subshell, alter
the behavior ofgs

C(e) for the 3s electrons dramatically.
They change the sign ofgs

C(e) at the photoionization thresh
old and add an extra zero and a maximum in the the RP
curve. The first zero ings

C(e) is shifted to lower energy,e
'1.3 eV. This shift is due to nonzero values of the ima
nary parts of the matrix elementsD19 and Q29 . The large
maximum ate'5 eV, the sign variation ate'7.6 eV, and
the minimum ate'8.9 eV are connected with the sig
variation of the numerator in Eqs.~8! and ~15!. The shift of
other zeros of the function as compared to the HF curve
due to the contribution of the imaginary parts of the mat
elementsD19 andQ29 . Consequently, it is seen that the no
dipole asymmetry parametergs

C(e) under the action of
RPAE electron correlations becomes a complicated func
of e with a rich oscillatory structure. Correlation effec
are confined to a narrow photoelectron energy range n
threshold.

-

E

FIG. 4. Nondipole asymmetry parametergs
C for photoionization

out of the 3s subshell of Ar as a function of the photoelectro
energy, calculated in the HF approximation~dashed curve! and the
RPAE ~solid curve!.
6-5
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E. Ar 3 p subshell

Figure 5 shows the results for the outer Ar 3p subshell.
The multielectron correlations here are not as important a
the 3s subshell. Qualitatively, the behavior ofgp

C13dp
C as a

function of e is similar in the one-electron approximatio
and in the RPAE. The difference between the HF-L and
HF-V values is small, hence the use of only the HF-L in the
comparison. At the photoionization threshold the values
(gp

C13dp
C) are negative, in both HF and RPAE. Zeroes

this function occur ate'72 eV ande'170 eV and are due
to the mutual compensation of different terms in the nume
tor of Eq. ~10!. Clearly, in the threshold region correlatio
effects are insignificant, but become noticeable for value
e greater than about 0.35 keV.

F. Kr 4 s subshell

In the RPAE calculations for the Kr 4s shell, five differ-
ent virtual dipole transitions, namely those from the 4p6,
4s2, and 3d10 atomic subshells were included. The quad
pole matrix elements in the RPAE were calculated by so
ing the RPAE equations with six-coupled channels. The s
ation is similar to that for the Ar 3s state. Figure 6 displays
the calculatedgs

C as a function ofe. It is seen that the mul-
tielectron correlations play a prominent role near the pho
ionization threshold. They change the sign ofgs

C(e) there
and add an extra zero and a maximum. The reasons for t
changes are the same as in the case of the Ar 3s subshell,
namely, the sign alteration ofD18 as compared tod1 and the
appearance of nonzero imaginary parts in the matrix
mentsD19 andQ29 . It is seen thatgs

C(e) for the Kr 4s sub-
shell under the action of multielectron correlations also
comes a function with oscillatory structure. Here, to
correlation effects are limited to the energy region n
threshold as in the Ar 3s subshell.

G. Kr 4 p subshell

Interestingly, thee dependence of (gp
C13dp

C) for the Kr
4p subshell is an oscillating function even in HF. The incl

FIG. 5. Nondipole asymmetry parameter (gp
C13dp

C) for photo-
ionization out of the 3p subshell of Ar as a function of the photo
electron energy, calculated in the HF approximation~dashed curve!
and the RPAE~solid curve!.
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sion of correlations in the Kr 4p subshell, as in the case o
the Ar 3p subshell, has little influence except around the t
maxima. The curves in Fig. 7 represent HF-L and the RPAE
results, showing their closeness everywhere, except for
photoelectron energy in the vicinity of the peaks, viz, ate
'35 eV ande'200 eV. At the latter energy, the HF da
are'28% higher than the RPAE ones. Note that at highv
the values for (gp

C13dp
C) in Kr are considerably smaller, by

a factor of about four, than the corresponding values in A

H. Xe 5s subshell

The RPAE calculation for the Xe 5s shell is similar to
that for the 4s shell and takes into account five channels
the the RPAE equations for the dipole matrix elements a
six channels for the quadrupole ones. The analysis for
subshell is similar to that for the Ar 3s and the Kr 4s sub-
shells. A strong influence of 5p electrons is seen in the
threshold area@Fig. 8~a!#. Also, the influence of the 4d elec-

FIG. 6. Nondipole asymmetry parametergs
C for photoionization

out of the 4s subshell of Kr as a function of the photoelectro
energy, calculated in the HF approximation~dashed curve! and the
RPAE ~solid curve!.

FIG. 7. Nondipole asymmetry parameter (gp
C13dp

C) for photo-
ionization out of the 4p subshell of Kr as a function of the photo
electron energy, calculated in the HF approximation~dashed curve!
and the RPAE~solid curve!.
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trons at 100–150 eV is prominent as depicted in Fig. 8~b!.
Multielectron correlations strongly altergs

C(e) near the
photoionization threshold, changing its sign. Besides,
RPAE correlations add an extra zero and two extra max
at aboute'2.5 and 125 eV, respectively, in the RPAE curv
The reasons for these changes are the same as in the ca
the Ar and Krs subshells, except that the maximum at abo
125 eV is due to the influence of the 4d electrons. In this
case also, we have demonstated that the multielectron c
lations strongly affect the asymmetry parametergs

C(e) which
becomes an oscillatory function ofe.

I. Xe 5p subshell

Figure 9 demonstrates thee dependence of (gp
C13dp

C)
for the Xe 5p subshell. The role of correlation effects
quite significant between about 25 and 200 eV above thre
old. Although qualitatively, the behavior of (gp

C13dp
C) is

similar in both the one-electron HF approximation and
RPAE, the quantitative differences are very significant, p
ticularly the size of the first maximum and the position of t
minimum. Multielectron correlation effects reduce the s
of the HF maximum ate'50 eV to about 0.15, decrease th
HF minimum ate'100 eV to about 0.05 as well as shift i

FIG. 8. Nondipole asymmetry parametergs
C for photoionization

out of the 5s subshell of Xe as a function of the photoelectr
energy, calculated in the HF approximation~dashed curve! and the
RPAE ~solid curve!. ~a! Near the 5s threshold and~b! near the 4d
threshold.
05250
e
a

.
e of
t

re-

h-

e
r-

position closer to threshold. Beyond about 200 eV mu
electron correlations have little effect on the nondipo
parameters.

IV. CONCLUSION AND DISCUSSION

In this paper we have investigated the effects of mu
electron correlations on the nondipole asymmetry parame
of thes andp subshells of the noble-gas atoms by compar
the results of the one-electron HF approximation and
RPAE. Our results cover the photoelectron energy ra
from the photoionization thresholds to 1.6 keV. Overall, w
found that multielectron correlations are significant or mild
so for both thes andp subshells of all the noble-gas atom
but He. This conclusion supports once more previous fi
ings that the photoionization processes in these atomic
shells are of a collective nature. Therefore, their correct
scription is generally not possible within the framework of
one-electron approximation such as the HF approxima
used here.

Most interesting and revealing, particularly for expe
mental investigation, is that near the photoionization thre
olds the nondipole parametersgs

C and (gp
C13dp

C) for the s
andp subshells, respectively, of the noble-gas atoms ex
sive of the He 1s subshell, are characterized by oscillato
structures as a function of the photoelectron energy. Th
oscillations are sensitive to multielectron correlations, exc
those for the Ar 3p subshell, as evident from Figs. 2, 4, an
6–9. As the photoelectron energy increases beyond a
300 eV, multielectron correlation effects diminish conside
ably on thes and p subshells of Kr and Xe, while thes
effects linger on for Ne and Ar up to 1.6 keV, as can be se
by comparing the HF and RPAE results. The 1s subshell of
the lightest noble-gas atom He is, however, unaffected
multielectron correlations regardless of the energy, as
ready discussed.
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