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Angular distribution of Au and Pb L x rays following photoionization by synchrotron radiation
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Angular distribution ofL x rays of Au and Pb following photoionization by synchrotron radiation has been
measured at the incident photon energies corresponding to the energy betweenL3 andL2, betweenL2 andL1,
and aboveL1 absorption edges. No evidence ofL x-ray anisotropy was observed within the experimental errors
for all incident photon energies, but in the case ofLl x rays an anisotropy of a few percent might be possible.
The experimental results are in good agreement with the theoretical prediction.
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I. INTRODUCTION

Ionization of atoms by electrons, high-velocity ions, a
photons leads to the alignment of inner-shell vacancy w
the total angular momentumJ.1/2 because the magnet
sublevels of the resulting ion have a nonstatistical popu
tion. The alignment effect can be measured by the noniso
pic angular distribution of the emitted Auger electrons an
rays, or by the partial polarization of the emitted photo
This phenomenon was theoretically predicted by Mehlh
@1#, Flügge et al. @2#, and Jacobs@3#. Extensive studies for
theL3 subshell have been performed by heavy-ion bomba
ments @4–12# and by electron-impact ionization@13–17#.
These experimental data are in good agreement with the
oretical calculations@18–20#. The alignment effect is consid
ered to be well established for electron impact@21# and in
ion-atom collisions@22#.

However, two effects should be taken into account to
terpret these experimental data. First, these data are obta
for all of the subshells including the ones withJ51/2, which
have no alignment effect. The Coster-Kronig transitions fr
these states to the state withJ.1/2 reduce the alignmen
effect, and the atomic parameters, such as subshell ioniza
cross sections, Coster-Kronig probabilities, and subs
fluorescence yields, are necessary to estimate the align
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effect @8#. Second, multiple ionization commonly occurs
the process of ionization by heavy ions.

On the other hand, the study of the alignment induced
photoionization has the advantage of negligible multip
ionization effect. In addition, it is possible to ionize the su
shell of interest by tuning the energy of the incident x ra
and to avoid the alignment dilution effect inherent to t
Coster-Kronig process. Considering these facts, the stud
the alignment of ionized atoms following photoionization
useful to test the theoretical predictions. First theoreti
studies@23–25# have shown, that the alignment produced
photoionization and, therefore, the angular anisotropy o
rays and Auger electrons, may be large near the ioniza
threshold, in the region of the Cooper minimum and in t
far relativistic region (E.1 MeV). On the other hand, a
the photon energies corresponding to the fast but still n
relativistic photoelectrons (Ee'12100 keV) the predicted
alignment is small, typically less than 10%.

The experimental investigation of the alignment resulti
from photoionization has been performed using HeI radia-
tion by Caldwell and Zare@26#. Later the synchrotron radia
tion was used for studying the alignment of inner-shell v
cancies in medium-weight atoms by means of fluoresce
spectroscopy in Cd(4d21) @27# and by means of Auger
electron spectroscopy in Mg(2p21) @28#, Kr(3d21) @29#,
and Xe(4d21) @30–32#. The majority of the cited paper
showed a good agreement between the experimental re
and the theoretical calculations. Recently, Schmoranzer
coworkers@33–37# have used the photon-induced fluore
cence spectroscopy~PIFS! in the vacuum ultraviolet~VUV !

,
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region with synchrotron wiggler radiation at the BESSY st
age ring~Berlin! for studying the alignment in KrII , XeII

and ArII . Meyer et al. @38# measured the alignment of X
ions in the resonant Auger decay induced by photoexcita
at the Super-ACO storage ring in Orsay. With these exp
mental results the effect of the alignment was found in
case of PIFS in the VUV region. Here also the experimen
results are basically in agreement with the theoretical ca
lations @36,38#.

However, the experimental results for the angular dis
butions ofL x rays from heavy elements are contradicto
Kahlon et al. @39,40# and Sharma and Allawadhi@41# re-
ported strong anisotropy ofL x-ray emission from Th, U, and
Au. Ertuǧrul and co-workers@42–44# and Seven and Koc¸ak
@45# showed results similar to those of Kahlonet al. for L x
rays from a range of heavy atoms 70<Z<92. The anisot-
ropy they observed is much larger than the theoretical va
of Oh and Pratt@23#, Scofield@24#, and Berezhkoet al. @25#.
On the other hand, Kumaret al. @46,48# and Mehta and co-
workers@47# reported an isotropic emission ofL x rays for
Pb, Th, and U within experimental errors. Those four grou
used radioisotopes~RI! as photon sources or seconda
sources excited by RI sources. Papp and Campbell@49# used
an x-ray generator as the photon source and showed tha
largest anisotropy of ErLl emission was about 4%. Thi
result is slightly higher than the theoretical prediction@25#. It
is interesting to measure the angular distributions ofL x rays
more precisely and to elucidate the discrepancy among
previous experimental data. For this purpose, it is adva
geous to use the third-generation synchrotron radiation fa
ity and to excite eachL subshell selectively. Such exper
ments have not been performed so far.

In this paper we report the experimental results forL
x-ray emission from Au and Pb following photoionization b
synchrotron undulator radiation at the SPring-8 storage r
In order to compare the experimental results with theory,
have calculated the alignment using the Hartree-Fock
proximation. The largest anisotropy is expected when
excitation energy is tuned between theL2- and L3-subshell
ionization thresholds because only theL3 subshell is ionized
and there is no contamination from the Coster-Kronig tr
sitions. In addition, we changed the incident photon energ
to the values betweenL2 and L1, and aboveL1 absorption
edges, in order to study the effect of the Coster-Kronig p
cesses on the alignment of theL3 state. Au and Pb target
were chosen for a direct comparison with the previous
periments described above.

II. THEORY

The angular distribution of the fluorescence radiat
emitted after ionization of an atom by linearly polarized ph
tons is described by the well-known equation@18,50#

dI

dV
5

I 0

4p
@11bP2~cosu!#, ~1!

whereP2(cosu) is the second Legendre polynomial,u is the
angle between the electric-field vector of the exciting rad
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tion and the direction of propagation of the fluorescence
diation, I 0 is the total fluorescence intensity integrated ov
all angles, andV is the solid angle. Equation~1! shows an
axially symmetric angular distribution with respect to th
electric vector of the incident photon beam. The anisotro
parameterb is a product of the kinematic terma and the
alignmentA20 of the initial state populated by the linearl
polarized light@18#,

b5aA20~J1!, ~2!

wherea is calculated according to

a5A3

2
~2J111!~21!J11J211H 1 J1 J2

J1 1 2 J . ~3!

Here J1 and J2 are the angular momenta of the initial an
final states, respectively, and the standard notation for thej
symbol is used. The values ofa are 1/10,22/5, 1/10,
22/5, 1/10, 1/2,22/5, and 1/2 for the emissions ofLa1
(L32M5), La2 (L32M4), Lb2 (L32N5), Lb5 (L32O4),
Lb5 (L32O5), Lb6 (L32N1), Lb15 (L32N4), and Ll (L3
2M1) x-rays, respectively. On the other hand, these val
are 0 for the other x-ray emissions,Lh (L22M1), Lb1 (L2
2M4), Lb3 (L12M3), Lb4 (L12M2), Lg1 (L22N4), Lg3
(L12N3), Lg4 (L12O2,3), andLg6 (L22O4), related to the
L2 andL1 subshells because the initial angular momentum
J151/2 for these transitions and such states cannot
aligned @18#. Since theLa ~5 La11 La2) lines were not
resolved in the present experiment, the average value oa
weighted by the calculated emission rates@51# is estimated to
be about 0.049 for both Au and Pb. Thus, the anisotropy
theLa line is expected to be small. The largest anisotropy
expected for theLl andLb6 lines. When the vacancy is pro
duced in theL1 andL2 shells, we have to take into consid
eration the Coster-Kronig processes too.

The degree of alignmentA20(J1) for a state withJ1 5 3/2
is simply defined by

A20~3/2!5
s3/22s1/2

s3/21s1/2
, ~4!

wheres3/2 and s1/2 are the total photoionization cross se
tions for the magnetic substatesmj 5 3/2 and 1/2, respec
tively @18#. In Sec. IV we present the results of our calcu
tions of the degree of alignment. The calculations were m
within the independent electron model. Though the cons
ered atoms Au and Pb are open-shell atoms, the interac
of the valence electrons with the deep inner 2p3/2 vacancy is
very weak and can be ignored. Thus the alignment of
2p3/2

21 state may be considered as in a closed-shell at
Within this approximation the general expression forA20 can
be written as

A20~J1!5
S l , jb~ j ,J1!uD« l j u2

S l , j uD« l j u2
, ~5!
3-2
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FIG. 1. Schematic diagram o
the experimental setup and coo
dinate system. Angle scan wa
performed in thex-z plane. The
incident photon beam was th
linearly polarized undulator ra-
diation.
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by
b~ j ,J1!5~21! j 1J1A6~2J111!H 2 1 1

j J1 J1
J , ~6!

whereD« l j is the dipole ionization amplitude, correspondin
to the emission of a photoelectron with the~orbital! total
angular momentum (l ) j @50#. The dipole ionization ampli-
tudes may be reduced to the single electron matrix elem
and then to the radial dipole integrals, so that the alignm
of a vacancy in the 2p3/2 subshell may be written as@25,52#

A20~2p3/2!52

R«s,2p
2 1

1

5
R«d,2p

2

R«s,2p
2 12 R«d,2p

2
, ~7!

where

R«s(d),2p5E
0

`

dr P«s(d)~r !rP2p~r ! ~8!

are the single-particle radial dipole integrals~length form!;
P2p(r ) denotes the radial wave function of the bound el
tron while P«s(d)(r ) are the radial wave functions of th
ejected photoelectron; the spin-orbit interaction in the c
tinuum is neglected@61#.

The radial dipole integrals~8! have been evaluated b
applying a relaxed orbital method within a singl
configuration Hartree-Fock approach@53#, that is, the bound-
electron wave functionP2p(r ) has been calculated in th
field of the atom whereas the continuum electron wave fu
tions P«s(d)(r ) have been obtained in the field of the sing
ionized atom. In addition, mass-velocity and Darwin corre
tions have been incorporated within the format of the n
relativistic Hartree-Fock approach~Hartree-Fock-Roothaan
method! @53,54#.

Here we note that the calculations have been done in
dipole approximation. In the considered photon energy ra
~1–50 keV! the contribution of quadrupole photoabsorpti
may be significant. Analysis of the nondipolar effects ma
by Kabachnik and Sazhina@55# has shown that the mos
important electric-quadrupole interaction can lead to an
ditional alignment and also to the axial asymmetry with
spect to the electric vector. However, as follows from t
relativistic calculations@23,24,55#, both effects are small
less than 2% at the considered energies.
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It is also noted that in the case of unpolarized incide
light the bracket on the right side of Eq.~1! is written as 1
2(b/2)P2(cosu), whereu is the angle with respect to th
beam direction (x axis in Fig. 1!. Therefore, the alignmen
effect will be enhanced for the polarized beam compared
the case when the unpolarized beam is used.

III. EXPERIMENT AND ANALYZING PROCEDURE

Figure 1 shows the experimental setup and the coordin
system. The experiment was carried out at the undula
beamline BL46XU of the SPring-8 storage ring. The und
lator radiation was monochromatized by the fixed-exit a
water-cooled Si double crystal monochromator. The incid
photon beam was linearly polarized synchrotron radiat
(Plin>99%) with the electric vector in the horizontal dire
tion which is chosen to be thez axis of our coordinate sys
tem, as shown in Fig. 1. The linear polarization was co
firmed in the similar beam line BL39XU at the SPring-8 b
x-ray magnetic diffraction experiment@56#. In front of the
target we placed a Si mirror without any coating materials
prevent higher-order diffraction from the monochromator.

Self-supporting target of pure Au, Pb, and Co 0.2
mm-thick micro foils~483, 266.7, and 94.6mg/cm2, respec-
tively! evaporated on Mylar or Acrylic backing were use
Such thin foils reduce the factor of the intensity correction
the absorption of the incident beam and the emitted phot
for the measured raw data. CoK x rays were used as
monitor of the incident beam intensity. The size of the in
dent photon beam was adjusted by a slit system on the be
line. The maximum beam footprint on the target was ab
1.0 mm in height and 2.9 mm in width, corresponding
about 10% of the detector area~active diameter of 6 mm!.
The detector was a Si~Li ! solid-state detector~SSD! ~SEIKO
EG & G SLP-06180-P! with full width at half maximum of
167 eV at 5.9 keV~catalogue value!. The target and the
detector were set on a Huber 5020 eight-axis diffractome

The detector angle scan was performed in thex-z plane.
The sample angle was fixed. The scanning angle was m
sured with respect to the direction of the electric vector
the incident photon beam, as shown in Fig. 1. When the S
is placed in the direction of the electric vector (z axis in Fig.
1!, the angle corresponds to 0°. The sample angle with
spect to the incident photon beam was corrected by set
ionization chambers just before and after the target and
3-3
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measuring the change in the incident photon intensity w
the sample angle was changed. The incident photon en
was corrected by using the AuL absorption edges of a 50
mm-thick foil. The angular distribution ofL x rays were
measured at every 5° in the detector angle range f
230° to 60°. The incident photon energies were chosen
be 13.172, 14.172, and 15.172 keV for the Au target, a
14.172, 15.672, and 16.672 keV for the Pb target.

According to the theoretical prediction, the expected
isotropy is small. The largest anisotropy is expected for
Ll or Lb6 lines @18#, whose intensity is, however, muc
weaker than that of the lines likeLa or Lb . Considering
these facts, total counts larger than 104 for the Ll line were
accumulated to obtain statistical error smaller than 1%
every angle.

Typical spectra of PbL and CoK x rays at four incident
energies at an angle of 20° are shown in Fig. 2. Two sm
peaks above the CoK lines may originate from the fluores
cence of the tungsten slit system, but they have little in
ence on the nearestL x-ray peak, theLl line. Below theL3
absorption edge~12.172 keV!, no PbL x rays were observed
There were also noL x-ray lines from Pb when we took of
the target at 16.672 keV. We had to confirm this especi
for the Pb target because the measurement system, inclu

FIG. 2. Example of the PbL x-ray spectra for the incident pho
ton energies of 12.172, 14.172, 15.672, and 16.672 keV measur
an angle of 20°. At 12.172 keV, belowL3 absorption edge, no PbL
x rays were observed.
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the Si mirror, was inside the monochromatic beam hut
made of iron/lead/iron x-ray shields, and the detector and
mirror were also covered by lead shields.

Figure 3 shows an example of the experimental spec
fitted curves and residuals between the experimental data
the fitted curve for the Au target at an incident energy
14.172 keV and a detection angle of 19.6°. The spectra w
analyzed by a least-squares fitting with a nearly Gauss
function for each peak and a polynomial function for t
background. The least-square deviation,x squares, was, for
example, about 1.4 for the data in Fig. 3. Since we used
Si~Li ! SSD, each line in the spectrum had a low-energy t
We took into account the tail component as the respo
function in the fitting@57,58#. A systematic fitting procedure
was used for all the spectra at a given incident energy
thus the relative error of the line intensity for the change
the detector angle became small. As described before,
statistical error was less than 1%. The main contribution
the error came from the fitting error. This error was estima
from the square root of the sum of the residuals~between the
experimental data and the fitted curve for each line! squared.
The total error was, for example, about65 –6 % for theLl

line. The line intensities were corrected for the effects
absorption such as the incident-beam attenuation, s
absorption of the emitted x rays, absorption by air betwe
the sample and the detector@59,60#. The relative difference
of the self-absorption correction for the change in the det
tor angle was less than about 1% because we used thin f
Attenuation of the emitted photons was mainly caused by
air between the sample and the detector. But this effect
the same for any scanned angle. We assumed the SSD
ciency to be 100% in the measured energy range of ab
7–17 keV.

at

FIG. 3. Upper part of the panel: an example of the experime
data ~small closed circle! and fitted curves~solid lines! for Au L
x-ray emission at the incident photon energy of 14.172 keV and
the angle of 19.6°. Lower part of the panel: residuals of the fit
curve and the experimental data.
3-4
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IV. RESULTS AND DISCUSSION

In Table I we compare the experimentalL x-ray emission
rates for Au and PbL3 subshell, normalized to unity for eac
subshell, with the theoretical values of Scofield@51#, which
have been widely used. The average values taken over a
angles were used. One can see that our experimental re
agree well with the theoretical values. Figures 4 and 5 sh
the results of the angular dependence of AuL x rays at the
incident photon energies of 13.172, 14.172, and 15.172 k
Similar results for PbL x rays at the incident photon energie
of 14.172, 15.672, and 16.672 keV are shown in Figs. 6
7. The solid lines correspond to the average values. Here
Lg line intensities are not shown because they were on
Compton profile of the incident photon beam and the se
ration was not sufficiently good, especially at the energ
betweenL2 andL1 absorption edges. As seen in Figs. 5 a
7 the experimental errors for theLl and Lh lines are larger
than for others because their intensities are low and they
located on the strong low-energy tail of theLa andLb lines,
respectively.

TABLE I. Comparison of the measuredL x-ray emission rates
~normalized to unity! for the L3 subshells of Au and Pb with the
theoretical values by Scofield@51#. The average values taken ov
all the studied angles are used.

Shell Line Experiment Theoretical

Au L3 Ll 0.046260.0026 0.0396
La 0.774760.0134 0.7881
Lb 0.179160.0065 0.1723

Pb L3 Ll 0.044960.0012 0.0411
La 0.770660.0207 0.7792
Lb 0.184460.0104 0.1798

FIG. 4. Angular dependence of the AuLa and Lb lines at the
incident photon energies of 13.172, 14.172, and 15.172 keV. S
lines show the average values taken over all the angles. Angle
measured from the direction of the electric-field vector of the in
dent photon beam as shown in Fig. 1.
06271
he
ults
w

V.

d
he
e

a-
s

re

It is clear from Figs. 4–7 that the emission of all of theL
x rays studied in the present work, i.e.La , Lb , Lh , andLl
rays, is isotropic within experimental errors of a few perce
for all incident photon energies used in the experiment. Ho
ever, due to the experimental errors we cannot exclude
possibility in which there is a weak angular dependence
Ll x rays. Even in this case the anisotropy is about a f
percent. The present results contradict the previous exp
mental data for Au by Kahlonet al. @40# and by Ertugˇrul and

id
as
-

FIG. 5. The same as in Fig. 4 but for the AuLl andLh lines. The
dashed line shows theoretically calculated curve forLl line at
13.172 keV according to Eq.~1!.

FIG. 6. Angular dependence of the PbLa and Lb lines at the
incident photon energies of 14.172, 15.672, and 16.672 keV. S
lines show the average values taken over all the angles.
3-5
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co-workers@42,43# and for Pb by Ertugˇrul @43#. They mea-
sured the angular distribution ofL x rays induced by 59.57
keV g rays from 241Am with Si~Li ! detectors. No angula
dependence was found for theLb and Lg x rays, but they
observed a strong anisotropy for theLa and Ll lines. They
also claimed the existence of an extraP1(cosu) term in Eq.
~1!, which means axial asymmetry.

On the other hand, our measurements are in agreem
with the experimental results of Kumaret al. for Pb @46# as
well as for other heavy atoms@47#. They performed experi-
ments similar to Kahlonet al. @40# and Ertugˇrul and co-
workers@42,43#, but found that the angular distribution of a
the L x rays is isotropic within the experimental errors. O
result is also consistent with the small anisotropy for theLa
andLl lines observed by Papp and Campbell@49# who also
did not find any contribution of theP1(cosu) term.

Recently two groups@41,48# measured the angular distr
butions of L x rays using selective photoionization ofL3
subshell. As discussed above, there is no Coster-Kronig t
sitions afterL3-subshell photoionization and the emission
theLl x rays has a larger anisotropy. The incident x rays w
an energy between theL3 and L2 absorption edges wer
produced with converters made of suitable elements exc
by 241Amg rays. Although both groups used similar expe
mental procedures, their conclusion was completely op
site. Sharma and Allawadhi@41# investigated theLl , La ,
andLb lines in Th and U and found an anisotropic emissi
for all the L x rays. The reason for the anisotropy of theLb
x rays was ascribed to the selective excitation of theL3 shell.
On the other hand, Kumaret al. @48# measured the angula
distributions of theLl , La , andLb2,5,6,7,15x rays for Pb, Th,
and U. Their experimental results indicate that the differ
tial cross sections for all theL x rays are angle independe
within their experimental errors.

FIG. 7. The same as in Fig. 6 but for the PbLl andLh lines. The
dashed line shows theoretically calculated curve forLl line at
14.172 keV according to Eq.~1!.
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In the present experiment, emission of theLa , Lb , Ll ,
and Lh lines is isotropic within the experimental errors fo
all excitation energies. This means that even when the i
dent photon energy is between theL3 and L2 absorption
edges, where the largest anisotropy is expected, no evid
of the anisotropy was observed. The present result is
agreement with that of Kumaret al. @48# and indicates that in
the present measurements it is not possible to study
alignment including the effect of the Coster-Kronig tran
tions on the anisotropy of x rays as performed by Kam
et al. @8#.

In order to compare the experimental results with the t
oretical predictions, we calculated the degree of the ali
ment above theL3 absorption edge as a function of the ph
toelectron energy by using the Hartree-Fock method~see
Sec. II!. The obtained results for Au and Pb are shown in F
8 with the used energy region in the experiment. The cal
lated values depend on the photoelectron energy in the
ergy region below 10 eV, near to theL3 ionization threshold.
But there is almost no energy dependence in the energy
gion far from the threshold, where we did the experimen
and the value of the alignmentA20 is about20.14. As cal-
culated in Sec. II, the values ofa are 1/2 for theLl andLb6
lines, and 0.049 for theLa line. Thus the anisotropy is esti
mated to be20.07 for theLl andLb6 lines, and20.007 for
theLa line. In Figs. 5 and 7 the calculated curves~the dashed
lines! for Ll line at 13.172 keV for Au and at 14.172 keV fo
Pb are shown. The measured angular dependence o
x-ray emission shows that an anisotropy of a few perc
might be possible for theLl lines. Thus the results of the
calculations agree with our experimental results.

Here we did not calculate the anisotropy parameter
cording to Eq.~1! from the measured data because the err
are still too large to evaluate accurately such small anis
ropy. Experimentally we cannot resolve theLb6 emission
clearly and theLl andLb6 lines are on the large low-energ
tails ~the response functions! of La and Lb , respectively.
Even by accumulating data for a longer time and thus red
ing further the statistical error, the problems of the resolut

FIG. 8. The calculated alignmentA20 as a function of the energy
above theL3 threshold for Au and Pb. The photon energy rang
used in the experiment are also shown. Note thatA20 is almost
constant (20.14) for both elements in the energy range used in
experiments.
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and the response function of the detector still remain as l
as a SSD is used. It is not easy to evaluate such a s
anisotropy experimentally and the theory still remains to
fully tested. To measure a small anisotropy more accura
one needs to use a crystal spectrometer instead of a SS
separate each line.

V. CONCLUSION

The angular distribution ofL x rays from Au and Pb fol-
lowing photoionization were measured. TheL subshells were
selectively ionized by using the synchrotron undulator rad
tion. For all incident photon energies studied, our experim
tal results show no evidence of anisotropy for theL x rays
from Au and Pb within the experimental errors, but forLl x
rays there might be small anisotropy of about a few perce
.The results are in agreement with the experimental dat
Papp and Campbell@49# and Kumaret al. @46–48#, but con-
tradict those of Kahlonet al. @39,40# and Sharma and Alla
wadhi @41# and of Ertugˇrul and co-workers@42–44#. The
present experimental results agree with the theoretical ca
lations based on the Hartree-Fock method. Because of
very small anisotropy, we could not study the effect of t
.D

J.
,

.
J

J

n-

D

06271
g
all
e
ly,

to

-
-

t-
of

u-
he

Coster-Kronig transitions on theL3-subshell alignment.
To determine the value of the anisotropy parameters m

exactly, it is necessary to measure the emission lines wi
higher energy resolution by using a crystal spectrome
Then we might be able to test the theory more precisely
also to detect the effect of the Coster-Kronig processes
the alignment.
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Büyükkasap, and H. Erdogˇan, ibid. 18, 671 ~1996!.
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