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Enhanced nondipole effects in photoelectron angular distributions
near giant dipole autoionizing resonances in atoms
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It is found that dipole-quadrupole photoelectron angular distribution parameters in regions ofnp→nd giant
dipole resonances in 3d (n53) and 4d (n54) transition-metal atoms are resonantly increased to such an
extent that they can dominate the effects of dipole transitions on the asymmetry of the photoelectron angular
distribution. This is illustrated for 3d photoionization of Cr and Mn, as well as for 4d photoionization of Mo
and Tc, where the ‘‘spin-polarized’’ random-phase approximation with exchange calculations are performed
with allowance for correlations in both dipole and quadrupole channels.
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I. INTRODUCTION

Over the past decade or so, investigations of elec
dipole—electric quadrupole (E1-E2) interference effects in
photoelectron angular distributions have been the subjec
numerous studies by both experimentalists and theorists.
effect arises from the first-order correction to the dipole
proximation for a photoionization matrix element betwe
the initial and the final states:Mi f 5„f u(11 ik•r )e•pu i …,
with k ande being the photon momentum~in atomic units!
and polarization vector, andr andp being the electron posi
tion vector and the electron momentum operator. The cor
tion termik•r in this expression gives rise to the appearan
of the electricE1-E2 interference term in the differentia
photoionization cross sectiondsnl /dV of a nl subshell of
the atom. These studies have quickly been extended f
atoms to molecules@1,2# and solids@3#, as well as to mag-
netic dichroism in atomic photoionization@6#, and have
bridged the gap between the studies of spin-averaged
spin-resolved photoelectron angular distributions, includ
the E1-E2 interference@4,5#.

The upsurge in modern studies of the nondipole para
etersgnl anddnl was stimulated primarily by an experime
that, owing to the advances in synchrotron and detector te
nology, has demonstrated that the laboratory measureme
gnl anddnl , the nondipole photoelectron angular distributi
parameters, is now quite feasible in the photon energy ra
of not only thousands of eV or more, but of hundreds a
even tens of eV as well@7#. Unexpectedly, these paramete
have been found, in many cases, both experimentally
theoretically significant, comparable to~or even larger than!
bnl , the purely dipole photoelectron angular distributi
asymmetry parameter. This is of importance since the dip
contributions used to be thought as the only determinant
the photoionization process at photon energies below a
thousands of eV.
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Owing to the findings of recent years, thus, the era of ta
belief that nondipoleE1-E2 interference effects are unde
tectable against the background of pure dipole effects at
photon energies, including energies as low as tens of eV
over. As a consequence, the number of both experime
and theoretical studies in the area of nondipole contributi
to photoelectron angular distributions has grown rapidly
the recent years.

In light of recent advances showing the significa
strength ofE1-E2 interference effects at low~tens of eV!
and relatively low~hundreds to a few thousands of eV! pho-
ton energies, the search for situations where nondipole
fects are particularly strong, compared to pure dipole effe
has become a task of importance. Such a situation occ
e.g., when the dominant dipole photoionization amplitu
exhibits a Cooper minimum@8,9#. Other situations occur
when there is a strong autoionizing resonance in aquadru-
pole or dipole photoionization amplitude@10,11,20#, a quad-
rupole resonance incontinuousspectrum@12#, or a quadru-
pole quasiresonance in a confined atom@13#. The
investigation of other situations where nondipole effects
strong remains, however, of interest.

The aim of the present paper is to show that the nondip
E1-E2 interference effects can be comparable to, or big
than, the dipoleE1-E1 effect in regions of dipolenp→nd
autoionizing resonances in 3d (n53) and 4d (n54)
transition-metal atoms. These resonances, as was det
earlier for the Cr and Mn atoms~see, e.g., Refs.@14–16# and
references therein!, are giant resonances in terms of the
large oscillator strengths, along with large widths associa
with the decay into primarily thend→e f ,ep continuum. The
drastic enhancement in theE1-E2 interference effects nea
the giant resonances is illustrated by the calculations of b
the dipolebnl and the nondipolegnl anddnl angular distri-
bution parameters for 3d photoelectrons from the Cr and M
atoms, as well as for 4d photoelectrons from the Mo and T
atoms.

The Cr, Mn, Mo, and Tc atoms were chosen because t
are the simplest representatives of the 3d and 4d transition
metals, since they contain only one@in Mn (3d5) and
©2003 The American Physical Society14-1
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Tc (4d5)] or two @in Cr (3d54s1) and Mo (4d55s1)] half-
filled subshells, with all the other subshells closed. T
makes it possible to apply the ‘‘spin-polarized’’ random
phase approximation with exchange~SPRPAE! @16,17# for
calculations of photoionization parameters for such ato
SPRPAE accounts for a significant part of the correlati
including interchannel coupling between photoionizati
channels, which is crucial for the description of resonan
photoionization. Earlier studies, using this methodology,
lowed us to understand very well, both qualitatively a
quantitatively, the 3p→3d dipole giant resonances in the 3d
photoionization of both the Mn@16# and the Cr@15,18# at-
oms. We expect this method to be applicable equally wel
the corresponding 4d elements, Mo and Tc.

II. THEORY

TheE1-E2 interference effects are represented by the
pearance of the so-called nondipolegnl anddnl parameters,
in addition to the dipolebnl parameter, in the differentia
photoionization cross sectiondsnl /dV of a nl subshell with
accounting for the lowest-orderE1-E2 correction. Explicit
expressions fordsnl /dV have been given for unpolarize
light @19#, for 100% linearly polarized light@20,21#, and for
general polarization@22#. For 100% linearly polarized light

dsnl

dV
5

snl

4p F11
bnl

2
~3 cos2 u21!G1DE12. ~1!

Here snl is the dipole photoionization cross section of t
subshellnl, bnl is the dipole photoelectron angular asymm
try parameter, andDE12 is theE1-E2 interference correction
term:

DE125
snl

4p
~dnl1gnl cos2 u!sinu cosf, ~2!

where the spherical anglesu andf are defined in relation to
the directions of the photon momentumk, photoelectron mo-
mentump, and photon polarization vectore; andbnl , gnl ,
anddnl are

bnl5
l ~ l 21!dl 21

2 1~ l 11!~ l 12!dl 11
2

~2l 11!@ ldl 21
2 1~ l 11!dl 11

2 #

2
6l ~ l 11!dl 21dl 11 cos~d l 112d l 21!

~2l 11!@ ldl 21
2 1~ l 11!dl 11

2 #
, ~3!

gnl5
3k

2@ ldl 21
2 1~ l 11!dl 11

2 #
(
l 8,l 9

Al 8,l 9dl 8ql 9 cos~d l 92d l 8!,

~4!

dnl5
3k

2@ ldl 21
2 1~ l 11!dl 11

2 #
(
l 8,l 9

Bl 8,l 9dl 8ql 9 cos~d l 92d l 8!.

~5!

Heredl 8 andql 9 are the radial dipole and quadrupole pho
ionization amplitudes, respectively, given by
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Pe l 8~r !rPnl~r !dr, ~6!

ql 95E
0

`

Pe l 9~r !r 2Pnl~r !dr, ~7!

wherePnl(r )/r andPel(r )/r are the radial parts of the elec
tron wave functions in the boundnl state and in the continu
ousel spectrum, respectively.l 85 l 61, l 95 l ,l 62, anddl

are the phase shifts of the wave functions of photoelectr
in the field of the positive ionic core, and coefficientsAl 8,l 9
andBl 8,l 9 are given in Ref.@21#.

The above equations define thebnl , gnl , anddnl asym-
metry parameters in a single-electron approximation. Ho
ever, because the aim of this paper is to investigate th
parameters in the autoionizing resonance domain, th
equations must be generalized to include interchannel in
actions or, in general terms, electron-electron correlati
The generalization of these equations beyond a sin
electron approximation is simple@19#; the single-electron
matrix elementsdl 8 and ql 9 must be replaced by, generall
complex, matrix elements calculated with account for t
electron correlation,Dl 8 and Ql 9 , respectively, i.e.,dl 8→Dl 8 , ql 9→Ql 9 , along with the following replacements:

dl
2→uDl8u

2,

dltl8 cosDd→~Dl8
8 Tl8

8 1Dl8
9 Tl8

9 !cosDd

1~Dl8
9 Tl8

8 2Dl 8
8 Tl8

9 !sinDd,

Dd5dl82dl , ~8!

where t(T) stands either for a quadrupole matrix eleme
q(Q) or a dipole matrix elementd(D), D8 andQ8 are the
real parts of corresponding matrix elements, whereasD9 and
Q9 are their imaginary parts.

In this paper, to account for the electron correlation~in-
terchannel interaction! in photoionization matrix elements
we use the SPRPAE@16,17# which is a generalization o
standard RPAE@23# to atoms with half-filled subshells, sinc
atoms of our choice—Cr, Mn, Mo, and Tc—are just the
types of atoms. Both approximations, RPAE and SPRPA
are described in detail in the above references. Here,
discussion is limited to the aspects, of these methods
direct relevance to calculations of the present paper.

The SPRPAE uses spin-polarized Hartree-Fock~SPHF!
@24# wave functions and energies as the zero-order basis
SPHF, the ground-state configuration of Mn (n53) and
Tc (n54) is . . .np3↑np3↓nd5↑(n11)s1↑(n
11)s1↓(6S), where arrows↑ and ↓ correspond to theup
anddownorientations of the electronic spin, the spins of
five nd5 electrons are parallel according to the Hund’s ru
The ground-state configuration of the Cr (n53) and Mo
(n54) atoms, whose outermost (n11)s subshells are half-
filled subshells as well, differ from the above configurati
by the absence of the (n11)s↓ electron:
. . . np3↑np3↓nd5↑(n11)s1↑(7S). Each closed subshell is
4-2
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thus, separated into two, spin-up and spin-down, subsh
Both the energies and the wave functions of spin-up
spin-down electrons with the samen’s and l ’s are different
due to the presence~absence! of exchange interaction be
tween spin-up~spin-down! electrons with only spin-up elec
trons from thend5↑ ~as well as from 4s1↑ in Cr and Mo!
half-filled subshell~s!.

Within the above approach, the giant dipolenp→nd au-
toionizing resonances in the Cr, Mn, Mo, and Tc atoms
formed by thenp↓→nd↓ photoexcitations of thenp↓ elec-
tron into the emptynd↓ state. Such excited states dec
rapidly primarily into the continuous spectrum of thend5↑
subshell, resulting in the appearance of the giant autoioniz
resonances in thenp absorption spectra of these atoms. B
sides, for Cr and Mo, an additionalnp↓→(n11)s↓ autoion-
izing transition is possible, owing to the half-filled outermo
(n11)s subshells, making their resonance spectra m
complicated than those of Mn and Tc.

To describe such spectra, one must account for the in
channel interactions~electron correlation! between the
groups of transitions with various mutual spin orientatio
~up-up, up-down, down-up, and down-down!. The SPRPAE
@16,17# provides a way for accounting for such interchann
interactions in half-filled subshell atoms, within the gene
methodology of RPAE. Note that similar to RPAE, SPRPA
omits spin-spin and spin-orbit interactions in the atom, a
hence spin-flip transitions are excluded from considera
within SPRPAE. More detail is given elsewhere@16,17#. As
noted in the Introduction, SPRPAE was tested by the ap
cation to the investigation of the giant resonances in the
and Cr atoms, and the results obtained were proven to
success, speaking of the credibility of SPRPAE.

In the present work, the calculations of the photoioniz
tion matrix elements included coupling among all initia
state and final-state single excitation channels, aris
from the np, nd, and (n11)s subshells, in both dipole
and quadrupole manifolds~of course, no coupling exists be
tween dipole and quadrupole photoionization cha
nels!: @np↓→nd↓,ed↓#, @nd↑→n8l 8↑,e l 8↑#, @(n11)s↑
→n9l 9↑,e l 9↑#, and@(n11)s↓→nl9↓,e l 9↓# ~when the lat-
ter existed!. Interchannel interactions with deeper subshe
of these atoms were found to be negligibly small in the
ergy range under discussion. In all cases, it was found
for the dipole manifold, thenp↓ channels affect thend↑
channels very significantly, resulting in appearance of
giant dipole resonances in dipole photoionization amplitu
Dnd and cross sections. However, no significant interchan
coupling was evident for the quadrupole photoionization a
plitudesQnd in the quadrupole manifold in the energy ran
under discussion.

Our trial calculations showed that, with the exception
the Cr atom, the ‘‘frozen-core’’ approximation is a good a
proximation for the calculations of SPHF wave functions
excited states in Mn, Mo, and Tc. Correspondingly, t
frozen-core wave functions were used in SPRPAE calc
tions of nd photoelectron angular asymmetries from the
atoms.

In contrast, the Cr atom, however, was shown ear
@15,18,26# to be the most unusual of the 3d atoms because
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its 3d↓ and 4d↓ excited ~autoionizing! orbitals ~due to
3p↓→3d↓ 7P and 3p↓→4d↓ 7P autoionizing excitations!
are subject to incomplete~partial! relaxation. The idea be
hind the incomplete-relaxation phenomenology is that it
sumes that the lifetime of the Cr 3p↓→3d,4d↓7P reso-
nances is comparable with the time scale of relaxation of
atomic core upon these excitations, so that the autoioniz
decay of the excited states occurs while the relaxation of
atomic core is in progress. Correspondingly, in the pres
paper, these excited autoionizing orbitals of Cr, 3d↓ and
4d↓, were calculated within the framework of th
incomplete-relaxation phenomenology, exactly in the sa
manner as was done earlier@15,18#, since the way was
proven to be a success. The above references detail the
nomenology of incomplete relaxation by the 3d↓ and 4d↓
excited orbitals in Cr.

Another feature of the Cr atom is that its 3p↓→4d↓ 7P
and 3p↓→4s↓ 7P excited states are well multiplet split int
7P2,3,4 terms, characterized by different values of the to
momentumJ52,3,4 @25#. However, the SPHF approxima
tion, and hence SPRPAE, either does not account for mu
let splitting of theLS terms. To correct for that, exactly in
the same manner as was done earlier@15,18#, we use the
sameJ-averaged SPHF wave functions for all the multiple
split components, but substitute the corresponding exp
mental energiesv iJ

expt. @15# for the differentJ components of
the relatedith resonance into the final SPRPAE equatio
Since resonances for differentJ do not interfere, the photo
ionization cross sections3d(v) and the asymmetry param
etersb3d(v), g3d(v), andd3d(v) (v being the photon fre-
quency! are given by

s3d~v!5(
J

sJ~v!, ~9!

sJ~v!5
2J11

~2L11!~2S11!
s3d~v,v i J

expt.!, ~10!

s3d~v,v i J
expt.!5

4p2aa0
2

3
vuD3d~v,v i J

expt.!u2, ~11!

F3d~v!5(
J

F3d~v,v i J
expt.!s3d~v,v i J

expt.!

s3d~v!
. ~12!

Here, J (J52,3,4), L (L51), and S (S57) are, respec-
tively, the total momentum, the total orbital momentum, a
the total spin ofi ’s autoionizing excited state~i.e., of one of
the 3p↓→4s↓, 3p↓→3d↓, 3p↓→4d↓, and 3p↓→5d↓
autoionizing resonances!. Also, a is the fine-structure con
stant; a0 is the first Bohr radius;D3d(v,v i J

expt.) is the

SPRPAE dipole photoionization amplitude of the 3d5↑ sub-
shell of Cr taken in the length form and calculated in t
energy range of the autoionizing resonance multiplet-s
components considered for eachJ; F3d stands for eitherb3d ,
g3d , or d3d photoelectron asymmetry parameter, resp
tively; and F3d(v,v i J

expt.) is the corresponding asymmetr

parameter calculated for each finalJ channel.
4-3
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SPRPAE-calculated results for bothnd↑ photoelectron
angular-asymmetry parameters and dipole photoioniza
cross sections of Cr, Mn, Mo, and Tc, below thenp↓ ioniza-
tion threshold, are presented and considered in the follow
section. Note that everywhere below, for the sake of simp
ity, when it is not confusing, we omit spin-indicating arrow
↑ and↓.

III. RESULTS AND DISCUSSION

A. 3d photoelectron angular distributions from Cr and Mn

We first focus onb3d , g3d , andd3d angular-asymmetry
parameters for 3d photoelectrons from Cr, below th
3p 7P2,3,4(3p↓) ionization threshold. Note that, to the be
of our knowledge, the dipole angular-asymmetry parame
b3d of Cr, in the resonance energy range under discuss
has not been investigated experimentally.

Displayed in Fig. 1 are the results of our SPRPAE cal
lations for the partial 3d photoionization cross sections3d ,
as well as for the parametersb3d , g3d , andd3d , calculated
in the vicinity of dipole 3p→4s (7P2,3,4) as well as 3p
→n(>3)d (7P2,3,4) autoionizing resonances in Cr. The ou
standing feature of the results, relevant to this paper, is
nondipoleg3d parameter which is significantly enhanced
magnitude, as isb3d , just below the 3p→3d giant reso-
nance in the photoionization cross sections3d . In this re-
gion, ug3du has a maximum magnitude of about 0.18, whi
is extremely large for a nondipole parameter at such a
energy and is comparable to the magnitude of the dip
angular-asymmetry parameterub3du'0.12 at photon energie

FIG. 1. SPRPAE calculations of the Cr 3d photoionization cross
sections3d , as well as the dipoleb3d and nondipoleg3d andd3d

photoelectron angular distribution parameters in the vicinity of
3p→4s, giant 3p→3d, and Rydberg 3p→4d,5d autoionizing
resonances.
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around 42.8 eV, a clear demonstration of a strong nondip
effect at photon energies as low as a few tens of eV.

In contrast to the 3p→3d resonance, the other resonanc
in Cr are well separated into the three7P4 , 7P3, and 7P2
multiplet components@14#. This, however, tends to dilute th
interchannel effects of the multiplet-split resonance com
nents in the photoelectron angular distributions@27#. For this
reason, the 3p→4s and 3p→n(>4)d resonance structure
in the nondipole parameters of Cr are quite weak.

Looking at Mn, where the same channels as in the Cr c
are coupled together in the SPRPAE calculation, the ca
lated data fors3d , b3d , g3d , andd3d , are displayed in Fig.
2. In contrast to the Cr atom, there is no 3p→4s resonance
in the Mn (3p63d54s2) spectrum because its 4s2 subshell is
closed. In addition, the 3p→(n>4)d resonances in Mn are
weak and located some ten eV higher than the giantp
→3d resonance@14#. As in the Cr case, within the dipole
manifold, only the interchannel coupling with 3p channels
affects the 3d amplitudes significantly and, in the quadrupo
manifold, interchannel coupling is unimportant.

Of primary interest and importance is the fact that t
ug3du parameter maximizes to approximately 0.25 at a p
ton energy of about of 48 eV. Not only is the nondipo
parameter large in an absolute sense, but it is also of
same size as the dipole parameterb3d in the region of the
resonance enhancement. Also of importance is the fact
the energy region where theg3d parameter is large has
width of nearly 1 eV. This should make the structure ing3d ,
owing to the autoionizing resonance, eminently suitable
experimental scrutiny. A similar result was obtained in R
@20# using a simplified two-channel version of SPRPAE.

e
FIG. 2. SPRPAE calculations of the Mn 3d photoionization

cross sections3d , as well as the dipoleb3d and nondipoleg3d and
d3d photoelectron angular distribution parameters in the vicinity
the dipole giant 3p→3d autoionizing resonance.
4-4



c
e
om
ad
-
4

nd
ad

s

io

0.
th
le
e

lc
-
ei

an
o

e

the
la-

al-

ing

t
the

e

ion

ith
er
y of
ed

ent

at

we
nd
.

th of

4

ENHANCED NONDIPOLE EFFECTS IN PHOTOELECTRON . . . PHYSICAL REVIEW A 67, 062714 ~2003!
B. 4d photoelectron angular distributions from Tc and Mo

For the 4d equivalents of Cr and Mn, the Mo and T
atoms, respectively, similar calculations were carried out,
cept that the coupling among the channels originating fr
4p, 4d, and 5s subshells was treated, both dipole and qu
rupole manifolds. Similar to the 3d cases, in the dipole chan
nels there is a strong interchannel coupling effect on thed
amplitudes by the 4p autoionizing resonance channels, a
negligible interchannel coupling was exhibited among qu
rupole channels.

We focus first on Fig. 3 that shows resonance variation
b4d , g4d , andd4d for the Tc (4p64d55s2) atom at photon
energies around 36 eV, i.e., the variations located in a reg
of the 4p→4d giant resonance minimum in the 4d photo-
ionization cross section.

Near 36 eV, the magnitude of theug4du nondipole param-
eter is seen to reach a very large value, approximately
thus making the nondipole effects on the asymmetry of
photoelectron distribution quite competitive with the dipo
effects near 36 eV. As for the resonance structures s
above 48 eV, they are the result of the 4p→5d,6d autoion-
izing resonances that are not treated accurately in this ca
lation, owing to the omission of multiplet splitting; we in
clude them only to show the order of magnitude of th
effect on the photoionization parameters.

We now turn to the Mo (4p64d55s1) atom. This atom has
a half-filled 5s subshell that opens way for a resonance tr
sition 4p→5s, which occurs rather close to the giant res
nance transition 4p→4d. The presence of the 4p→5s reso-
nance, however, as will be seen below, influences v

FIG. 3. SPRPAE calculations of the Tc 4d photoionization cross
sections4d , as well as the dipoleb4d and nondipoleg4d andd4d

photoelectron angular distribution parameters in the vicinity of
dipole giant 4p→4d autoionizing resonance.
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weakly the dipoleb4d and nondipoleg4d andd4d parameters
in the photon energy region of the strong structure in
nondipole parameters. We, therefore, simplified the calcu
tions by ignoring the detailed account for the 4p→5s reso-
nance, such as multiplet and spin-orbit splitting, in the c
culations ofb4d , g4d , and d4d at photon energies in the
vicinity of the structure in the nondipoleg4d andd4d param-
eters. Besides, similar to the case of Tc, the higher-ly
dipole autoionizing resonances 4p→5d,6d have negligible
influence ong4d , andd4d in the region of structure, so tha
these are also treated simply, as in the case of Tc. With
above calculational simplifications, our results fors4d , b4d ,
g4d , andd4d for 4d photoionization of the Mo atoms in th
vicinity, of the giant 4p→4d resonance are shown.

Of greatest significance is the photon energy reg
around 32.5 eV, whered4d and, even more so,g4d are dra-
matically increased by dipole interchannel coupling, w
ug4du reaching a magnitude of about 0.6, significantly larg
thanb4d at these energies. This means that the asymmetr
the 4d photoelectron angular distribution here is dominat
by nondipole effects.

To investigate the approximation made for the treatm
of the 4p→5s resonance for both dipoleb4d and nondipole-
g4d andd4d photoelectron angular distribution parameters
photon energies near 32.5 eV, whereg4d andd4d exhibit the
significant structure induced by interchannel coupling,
show in Fig. 4 the results of SPRPAE calculations with a
without including the 4p→5s resonance in the calculations
Clearly, the influence is seen to be negligible forg4d and

e

FIG. 4. SPRPAE calculations of the Mo 4d photoionization
cross sections4d , as well as the dipoleb4d and nondipoleg4d and
d4d photoelectron angular distribution parameters in the vicinity
the 4p→5s, giant 4p→4d, and Rydberg 4p→5d,6d autoionizing
resonances. The dotted lines are SPRPAE calculations with thep
→5s resonance omitted.
4-5
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d4d , and very weak forb4d ~at about 32.5 eV!, which dem-
onstrates that accurate accounting for the 4p→5s resonance
is not important. Similarly, the structure ing4d and d4d is
largely unaffected, with or without the inclusion of the 4p
→5d,6d resonances in the calculation~not shown!. How-
ever, the 4p→5s and 4p→5d,6d resonances are seen
influence b4d and s4d beyond 35 eV strongly. Thus, th
structures seen inb4d ands4d at about 37 eV and around 4
eV must be considered only qualitative.

IV. CONCLUSION

Calculations have been performed, which provide insi
into nondipole effects near dipole giant autoionizing re
nances in 3d and 4d transition-metal atoms. It has bee
found that nondipole effects in photoelectron angular dis
butions are dramatically enhanced in such photon energy
gions. This has been demonstrated for typical representa
of the 3d ~Cr and Mn! and 4d ~Mo and Tc! transition-metal
n,

la

.S
ys

ll,

i,

O.
s.

06271
t
-
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e-
es

atoms in the region of thenp→nd giant dipole resonances
Most importantly, the calculations have found that at pho
energies near giant resonances~a few tens of eV!, gnd be-
comes even more important thanbnd in the asymmetry of
thend photoelectron angular distribution, a clear demonst
tion of a case where the dipole approximation alone is
pected to fail in understanding angular-asymmetry distri
tions of photoelectrons, even at such low photon energie
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