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Large nondipole correlation effects near atomic photoionization thresholds
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The parameter that determines the nondipole correction to the angular distribution is calculated for Ar 1s
and 3s subshells in the Hartree-Fock~HF! approximation and taking account of the multielectron correlations,
using the random-phase approximation with exchange. In the photoelectron energy range 0–100 eV the
parameter, which fors subshells is nonzero at threshold, is found for Ar 3s to be strongly affected by
multielectron correlations. Results are also presented for He and Be in the HF approximation.
@S1050-2947~99!50804-4#

PACS number~s!: 31.25.2v, 32.80.Dz, 32.80.Fb
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The motivation for this Rapid Communication is to car
fully investigate the behavior of the nondipole photoelectr
anisotropy parameterg in the vicinity of photoionization
thresholds of such outer subshells as the 3s in Ar. The use of
correlated wave functions is fundamental to the proper st
and understanding of the photoionization process in this
ergy region, which is generally characterized by a rich
structure. For this reason, multielectron correlations were
cluded in our calculation of Ar 1s and 3s subshells via the
random-phase approximation with exchange~RPAE!, while
Hartree-Fock~HF! wave functions proved adequate for th
study of the simpler systems such as He and Be.

Our investigation and presentation of the results for H
Be, and Ars subshells are also very timely~and are further
justified! in view of the the recent measurement of nondip
photoelectron angular distributions of Ar 1s, Kr 2s, and Kr
2p @1#. The experiment compared data with those from
most recent calculations@2,3#, and stressed the need for car
ful studies of ‘‘ . . . less straightforward situations, for ex
ample the nondipolar asymmetries in the threshold region
the region of resonances and of Cooper minima, which r
resent interesting subjects for future experimental and th
retical investigations.’’ Therefore, the HF results for He a
Be near threshold also constitute the necessary data acq
tion and analysis required for the interpretation of the pho
ionization process.

Sommerfeld derived the photoelectron angular distri
tion with the lowest relativistic correction, which include
retardation@4#. For 1s electrons ionized by unpolarized ligh
the photoelectron angular distribution is given by

ds1s~v!

dV
5

3

8p
s1s~v!S 114

v
c

cosu D sin2 u, ~1!

wheres1s(v) is the photon absorption cross section,v the
photon frequency, andu the angle between the directions
the light and the photoelectron, withc andv being the cor-
responding speeds, respectively. Recently, Eq.~1! has been
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generalized to any hydrogenic level@5#. To investigate atoms
other than hydrogen, a more general expression
dsnl(v)/dV is required, viz.,

dsnl~v!

dV
5

snl~v!

4p S 11bnl~v!P2~cosu!

1
v

c
@gnl~v!P1~cosu!1hnl~v!P3~cosu!# D .

~2!

The leading terms in Eq.~2! were suggested by Yang@6#,
while the terms containingv/c were introduced later@7#. To
calculate thev dependence ofb, g and explicit expressions
are required for these coefficients via atomic matrix e
ments. An expression forbnl(v) has been derived in the
one-electron approximation@8# and taking into account mul
tielectron correlations@9,10#. Similarly, explicit expressions
for g andh have been given in the one-electron approxim
tion @2,3#, taking the multielectron correlations into accou
@9,10#. Numerical results have been obtained for the no
gases within the one-electron approximation@2,3#. In this
Rapid Communication, we concentrate on the energy reg
near thresholds. One-electron HF wave functions are use
an initial approximation and then multielectron correlatio
are taken into account.

In general, the expressions forgnl(v) and hnl(v) are
rather complicated@9#. But, to illustrate some qualitative fea
tures of thev dependence of the nondipole corrections,
concentrate ons subshells for which the general expressio
@9# simplify considerably, yielding in the one-electron a
proximation

gns~v!5
6

5

q2

d1
cos~dd2dp!, ~3!

with gns(v)52hns(v). Hereq2 andd1 are the quadrupole
and dipole radial matrix elements, respectively, between
one-electron initial statens and the continuous spectrume l
R2544 ©1999 The American Physical Society
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( l 52, or 1!, wheree is the photoelectron energy;dd anddp
are thed and p elastic scattering phases, respectively, w
energye. Near threshold the ratioq2 /d1 can be estimated a
q2 /d1'ans (ans is the ionizing shell radius!, so that at
threshold

v

c
gns~v!;

v

c
ans5kans , ~4!

where k is the photon momentum consistent with@2#. For
outer-shell thresholds~using atomic units! (e5\5m51),
v'1 and gns'1/137. The simplest possible one-electr
Coulomb approximation gives a much smaller value. Inde
for the hydrogenlike case, one obtains

q2
c

d1
c 5

2AZ214v2

Z21v2 ~5a!

and

cos~dd
c2dp

c!5
2v

AZ214v2
, ~5b!

whereZ is the nuclear charge. From Eqs.~5! and~2! we have

kg1s
c 5

12

5

v
c

, ~6!

in accord with Eq.~1!, when expressed in terms of Legend
polynomials, as in Eq.~2!.

Thus, consistent with the results of@2# the smallness of
kg1s results from a very delicate balance between the p
toelectronp andd phases in the Coulomb field,

FIG. 1. Nondipole asymmetry parameterg for the 1s photoion-
ization of H and He as a function of photoelectron energy. Res
for He were obtained in the HF approximation.
d,

o-

dd
c2dp

c5
p

2
2arcsinF 2v

AZ214v2G . ~7!

The presence of any short-range force along with the C
lomb one can destroy this balance, leading to much lar
values ofgns thang1s

c close to threshold. To check this poin
we performed calculations for He and Be using one-elect
HF wave functions. The field acting upon the outgoing ph
toelectron in He is very close to the pure Coulombic on
Thereforeg1s

He is positive. But even this small additional fiel
altered the near-threshold value ofg1s

He considerably leading
to a nonzero value at threshold. Figure 1 compares the re
for H and He. For Be, the coefficientsg2s

Be andg1s
Be as func-

tions of e behave differently. Starting from a negative valu
at threshold,g1s

Be increases monotonically, whileg2s
Be is a

rather complicated sign-changing function~see Fig. 2!. In He
the g parameter is a monotonical function ofe. However,
this behavior, as in the case of Be, does not follow direc
from Eq. ~3! for any atom and anys subshell. Indeed, calcu
lations have already revealed@2,3#, in accord with recent
experiment@11#, thatg andh are nonmonotonical function
of v and can even change sign, but at considerably hig
energies than in Fig. 2.

In order to investigate the combined effects of a no
Coulombic central field and multielectron correlations, w
consider the 3s and the 1s subshells in Ar. To account fo
electron correlations, Eq.~3! must be generalized@9#. The
nondipole parameter is described by an expression simila
that in Eq.~3!, but with the matrix elementsq2 and d1 re-
placed by complex ones,Q2 andD1 , which include the ef-
fects of electron correlations

ts
FIG. 2. Nondipole asymmetry parameterg for photoionization

out of the 1s and 2s subshells of Be as a function of photoelectro
energy, calculated within the HF approximation.
gns~v!5
6

5

~Q28D181Q29D19!cos~dd2dp!1~Q28D192Q29D18!sin~dd2dp!

D18
21D19

2 , ~8!
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whereQ28 (D18) andQ29 (D19) are the real and imaginary par
of the quadrupole~dipole! radial matrix elements, respec
tively. If Q and D are real, Eq.~8! reduces to Eq.~3!. To
calculateQ and D, we have selected the RPAE@12#. The
RPAE has been successful in calculating the dipole ph
ionization cross sections and the angular anisotropy par
eters in outer and intermediate subshells of numerous ato
The g3s(v) in Ar was obtained in the RPAE framewor
@12#.

The procedure of solving the RPAE equations for the
pole channel is discussed in the recent book@13#, and for the
quadrupole matrix elements is similar to that for the dip
one. Symbolically, they can be expressed as

D̂5d̂1Û1x̂1D, ~9a!

Q̂5q̂1Û2x̂2Q, ~9b!

where d̂ (q̂) are the dipole~quadrupole! photon absorption
operators in the one-electron approximation, andÛ1 (Û2)
are the dipole~quadrupole! components of a combination o
the direct and exchange Coulomb interelectron interact
The operatorsD̂(Q̂) andd̂(q̂) describe the elimination of an
electron off the atom, i.e., creation of an electron-hole p
The operatorsx̂1(x̂2) describe the propagation of the in
tially 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 id
2

1̂

v1e1~2!
. ~10!

Heree1(2).0 is the energy of an intermediate electron-ho
state excited through a dipole~quadrupole! over which the
summation for discrete states and integration for continu
states are performed. The imaginary parts of theD and theQ
matrix elements come from the fact that the energy deno
nator of the first term in Eq.~10! can approach zero. Th
behavior near this singularity is defined by introducing t
infinitesimal imaginary termid. The first term in Eq.~10!
can be expressed as

FIG. 3. Nondipole asymmetry parameterg for photoionization
out of the 3s subshell of Ar as a function of photoelectron energ
calculated in the HF approximation and the RPAE.
o-
-
s.

-

n.

r.

m

i-

~v2e1~2!2 id!215P~v2e1~2!!1 ipd~v2e1~2!!,
~11!

where P denotes the principal value of the integration. N
merical calculations have been performed for the 3s subshell
in Ar, which is under the very strong action of the 3p virtual
excitations @12#. Our results are given in Fig. 3, wher
kg3s(e) is seen to be represented by a nonmonotonic s
changing function even in the HF one-electron approxim
tion. Theg3s parameter is not only nonzero at threshold b
is also very large, at least 20 times larger than the expe
order ofka'1/137. The electron correlations in the RPA
mainly the effects of 3p electrons, alterg3s dramatically;
they change its sign near threshold and add an extra zero
an extra maximum. The large value ofkg3s at threshold
results mainly fromD1 being small andQ2 being large for
the 3s subshell. For example, at threshold the HF values
q2 andd1 are 2.37 and 0.12, respectively.

The first zero ing3s(e) at e>1.5 eV is located where
cos(d22d1) goes through zero. At this same energy,eQ29 is
close to zero as well. The last zero is due to the sign varia
of the quadrupole matrix element ate518 eV. Again, the
imaginary part of the quadrupole termQ29 at this energy is
almost zero. The large maximum and sign variation ofg3s at
e510 eV is due to the sign variation ofD18 , while D19 is very
close to zero@12#. Thus, it is clear thatg3s(e) under the
action of RPAE electron correlations becomes a complica
function of e.

Consider now the 1s subshell of Ar. It is known that the
RPAE correlations for the inner shells of intermediate a
heavy atoms are rather unimportant@12#. However, the
photoionization cross section, at least close to threshold
far from being hydrogenic; it is strongly affected by the no
Coulomb nature of the field acting upon the photoelect
and by dynamical rearrangement effects@12#. The latter are a
consequence of the comparatively fast inner vacancy de
in outer and intermediate shells and the formation of sa
lites with high probability. These effects also alter the fie
acting upon the photoelectron. The calculations ofg1s(e)
were performed in the RPAE, HF approximation, and tak

,
FIG. 4. Nondipole asymmetry parameterg, as a function of

photoelectron energy, for photoionization out of the 1s subshell of
Ar. The calculation was performed within the RPAE~ !, labeled
Ar(1s), and taking into account the rearrangement~ !, la-
beled Ar(1s* ).
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account of rearrangement@12#. As in the case of the photo
ionization cross section, the difference between the RP
and HF approximation is insignificant for the 1s subshell.
Our results forg1s(e) are given in Fig. 4. Clearly, in the
Hartree-Fock approximation,g1s(e) is nonhydrogenic, has a
different sign, and has a nonzero value at threshold.
calculations show thatg1s(e) changes its sign at aboute
'220 eV and, starting from almost 30 eV, coincides with t
results of Ref.@3#.

In conclusion, our investigation finds that multielectro
correlations are significant forg for the Ar 3s subshell, lead-
n

ce
idt
E

ur

ing to its rich structure. Although the recent experiment@1#
agrees very well with the theoretical calculations@2,3# on g
for Ar 1s and Kr 2s beyond 30 eV, between threshold an
30 eV, the experiment does not appear to reveal the m
mum in g1s predicted by our calculation. Consequently, fu
ther theoretical and experimental investigations are rec
mended for elucidation, particularly very close to thresho
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