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L -shell ionization of selected medium-Z elements by 0.22–0.83-MeV u21 carbon ions

I. Bogdanović, S. Fazinic´,* and M. Jaksˇić
R. Bošković Institute, P.O. Box 1016, 10000 Zagreb, Croatia

Ž. Šmit
J. Stefan Institute, Ljubljana, Slovenia

~Received 18 February 1997!

Individual L-shell x-ray production cross sections were measured with12C ions in the energy range 0.22–
0.83 MeV u21 on Cd, In, Sb, Te, Ba, Tb, and Yb targets. From these measurements theL-subshell ionization
cross sections were extracted and compared with the predictions of the direct ionization theories, i.e., with
perturbed stationary state theory with energy loss, Coulomb deflection and relativistic corrections, the semi-
classical approximation~SCA! in the united-atom limit, and SCA coupled-channel calculations involving a few
lowest lying states. Better overall agreement between experiment and theory was found for the SCA theory.
Inclusion of the SCA coupled-channel calculations improved the agreement for theL2-subshell in the very
adiabatic region, but theory fails to describeL1-ionization cross sections, especially in the 0.4,jL1

, 0.7
region. The degree of multiple ionization of outer shells caused by C ion bombardment was estimated from the
x-ray line energy shifts and by comparing the x-ray intensity ratios for carbon ions and protons.
@S1050-2947~97!02110-0#

PACS number~s!: 34.50.Fa
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I. INTRODUCTION

Inner-shell ionization induced by charged particle imp
has been the subject of extensive experimental and theo
cal investigations during the last few decades. Most of
experimental work published so far has been concentrate
the ionization ofK andL shells by protons anda particles.
The accumulated experimental data have been summa
in compilation works by several authors@1–4#. This interest
is due to the fact that inner-shell ionization is of great i
portance in the development of different kinds of applic
tions, like particle induced x-ray emission~PIXE!, calcula-
tions of stopping power, ion implantation, and the study
solids and plasmas.

For the published data ofK- andL-shell x-ray cross sec
tions induced by ions heavier thana particles, the situation is
quite different. In the works published so far, the data
very scanty concerning the studied elements, energy in
vals, and projectiles, particularly forL-shell ionization. Very
often, authors have reported only the totalL-shell x-ray pro-
duction cross sections, which is probably due to the very
x-ray production rate and the reduced resolving ability
Si~Li ! x-ray detectors. Some of the experimental limitatio
of x-ray cross section measurements have been allevi
with the improved energy resolution of Si~Li ! detectors~135
eV at 5.9 keV!, or by the use of high resolution crystal spe
trometers.

A limited number of studies exist ofL-shell ionization by
carbon ions@5–13#. Li et al. @5# studiedL-shell ionization on
Ta, Au, Bi, and U targets in the energy range from 0.5 to
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MeV u21. Au was studied very often. For example, Sarka
and Mukoyama@6# reported Au Li-subshell ionization cross
sections in the energy range 0.03–0.28 MeV u21, while
Jitschinet al. @7# measured the same by 0.23–6.7 MeV u21

ions. Mahli and Gray@9# reported individualLa1,2, Lg1,
and Lg2,3,(6) x-ray production cross sections of Yb and A
for energies from 0.5 to 3 MeV u21. Mehta et al. @13# re-
ported the totalL-shell x-ray production cross sections fo
selected elements between Cu and Pb in the energy r
0.17–1 MeV u21, Bhattacharyaet al. @10# measured the in-
dividual L-subshell production cross sections for Au and
by 0.3–0.79 MeV u21 C ions, and Braziewiczet al. @11#
reportedLi-ionization cross sections for some rare earth e
ments with 0.4–2.8 MeV u21 ions. Recently, Semania
et al. @12# published the subshell ionization cross sections
some selected heavy elements with 72<Z2< 90 by carbon
ions of energy 0.4–1.8 MeV u21.

The L shell presents a particularly sensitive ground
testing direct ionization theories because it consists of th
subshells, all with different properties. Simultaneously w
the experimental measurements, different theoretical mod
such as the plane wave Born approximation~PWBA! @14#,
and the semiclassical approximation~SCA! @15,16#, have
been developed. The observed disagreement between ex
mental results and theoretical predictions has provoked
ther theoretical study and modification of the original PWB
theory to the more advanced ECPSSR theory@17,18#. The
ECPSSR theory is the perturbed stationary state~PSS! theory
adopted to account for projectile energy loss~E! and the
Coulomb deflection~C! in the field of the target nucleus, an
relativistic corrections~R! for describing the inner-shell elec
trons.

Both the ECPSSR and SCA theory proved to be adequ
for description ofK-shell ionization by protons and helium

a,
2860 © 1997 The American Physical Society
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ions. However, in the case ofL-shell ionization, even for
protons, deviations from theory have been observed in
low ion velocity range@19,20#. As can be expected, thes
discrepancies are more pronounced for heavier project
Vigilante et al. @20# showed that improvements can b
achieved in the ECPSSR theory by modifying the bind
correction factor. However, these corrections were not su
cient to explain the remaining disagreement between exp
ment and theory, especially for theL2 subshell. Sarkadi and
Mukoyama @21# suggested that the mechanism of vacan
sharing among subshells might be the cause of these di
ences. The main idea of this model is that a vacancy p
duced by direct ionization in one of theL subshells may be
transferred to another subshell, and the result is the redi
bution of vacancies between the subshells. Vigilanteet al.
@20# introduced this effect in the ECPSSR framework
using a simple two step model developed by Sarkadi
Mukoyama@22#, and showed that this correction slightly im
proves the agreement between experiment and theory. S
gal et al. @23# used the coupled-channel semiclassical imp
parameter model in conjunction with the independent e
tron model and target centered atomic orbital expansion
calculate theL1-subshell ionization cross section. Their ca
culation showed improvement in the agreement betw
theory and experimental data. Recently, Sarkaret al. @24#
compared the available experimental data for theL-subshell
ionization induced by heavy ions with the predictions of t
ECPSSR theory with and without intrashell coupling~IS!.
They included the IS correction factors calculated in
first-order approximation and neglected the interfere
terms as suggested by Sarkadi and Mukoyama@25#. The re-
sult of this inclusion was a substantially improved agreem
between experiment and theory for theL2 subshell, but with-
out essential difference in the analysis ofL1- andL3-subshell
data. Šmit and Orlić @26# made a comparison between th
experimentally determined proton induced Li-subshell ion-
ization cross sections and theory calculated by the coup
channel method and by the first-order SCA-UA~UA denotes
united atom!. The result of their investigations was that th
inclusion of the IS coupling effect improves the agreem
between experiment and theory except in the very adiab
region, where the experimental data are scanty and uncer
Sarkadiet al. @27# made coupled-state calculations for t
ionization of the Au and BiL subshells by B ions in the
energy range 0.48–0.88 MeV u21 and compared their re
sults with the experimental data reported by Padhiet al. @28#.
They found satisfactory agreement between the experime
data and the coupled-states model. Also they reported
the agreement between the experimental data and
coupled-channel model developed by Sˇmit and Orlić @26# is
better for theL1 andL2 subshells, but for theL3 subshell, the
experimental points are closer to the coupled-states mod
Sarkadi@29#.

In the present paper we report the individualL shell x-ray
production cross sections forLa1,2, Lb1,3,4, Lb2,15, Lg15,
and Lg2,3(4,48) x-ray lines and the correspondingL1-, L2-,
andL3-subshell ionization cross sections for Cd, In, Sb, T
Ba, Tb, and Yb measured with12C ions in the energy rang
from 0.22 to 0.83 MeV u21. The results are compared wit
the predictions of the ECPSSR theory and SCA calculati
e
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of Šmit and Orlić @26# in the UA limit and in the few-state
coupled-channel model.

II. EXPERIMENT

All the measurements were performed with12C ions in
the energy range from 0.22 to 0.83 MeV u21, using the EN
tandem Van de Graaff accelerator at the Ruder Bosˇković
Institute, Zagreb. The trajectory of the incident beam w
defined by a set of four collimator slits which gave a 2 m
diameter beam spot on the target. All targets used were
mg cm22 thick, deposited on 20mg cm22 thin carbon foil
~Micromatter, USA!. The L-shell x-ray spectra were col
lected by a Si~Li ! detector~Link Analytical! with a nominal
active area of 80 mm2, a Be window of 12.5mm, and a
measured full width at half maximum~FWHM! of 150 eV at
5.9 keV. The detector was mounted inside the vacuum ch
ber at 135° to the beam axis. Thick molybdenum foil with
7 mm diameter aperture was placed in front of the detecto
reduce the low energy tailing induced by incomplete cha
collection arising from edge effects. The aperture was c
ered with a 55mm thick Kapton foil to attenuate the intens
M -shell x rays. Together with theL-shell x-ray lines, the
spectra of backscattered ions were collected using an ann
silicon surface-barrier~SB! detector with an area of 400
mm2, positioned at a mean angle of 171° to the beam a
The relative Si~Li ! detector efficiency was determined usin
the procedure described by Pajeket al. @30#. K-shell x rays
from a set of thin calibration targets of light elements~13 ,
Z2 , 39! were produced by 1.8 MeV protons and measu
with the Si~Li ! detector in the same configuration as w
used for theL-shell x-ray measurements. At the same tim
the backscattered protons were measured by the SB det
at the same geometry. TheK-shell theoretical ECPSSR ion
ization cross sections corrected for Paul’s empirical fac
@1#, as calculated by theTTPIXAN @31# computer code, were
used for the efficiency calibration. In the region of intere
~3–11 keV!, the measured efficiency had an uncertainty b
tween 6% and 9% for higher and lower energies, resp
tively, because the uncertainties of the fluorescence yie
@32# for Z2, 20 are higher. For absolute efficiency norma
ization, an55Fe radioactive source was used.

The nonlinear least-squares fitting routineAXIL @33# was
used for background subtraction from the x-ray spectra
for extracting theLl , La1,2, Lb1,3,4, Lb2,15, Lg1,5, and
Lg2,3(4,48) x-ray intensities. For some lines more than o
Gaussian was used to fit the individual x-ray transitio
mainly because of the broadening of x-ray lines due to
outer-shell multiple ionization occurring in the heavy io
collision. IndividualL-shell x-ray production cross section
sLi

x were calculated by normalization of the x-ray intensiti

to the corresponding ion backscattering intensities, using
following equation:

sLi

x 5
4pYxs iV i

Yie iVx
F~E,DE!, ~1!

where Yx and Yi are the x-ray and the backscattered i
intensities corrected for dead time,Vx andV i are the x-ray
and particle detector solid angles,s i is the differential back-
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scattering cross section~b/sr!, e i is the x-ray detector effi-
ciency, andF(E,DE) is the correction factor due to io
energy loss and self-absorption of outgoing x rays inside
target.
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Assuming that the x-ray production cross sectionsLi
x (E)

and the stopping powerS(E) are proportional toEa andEb,
respectively, near the ion energyE0, the correction factor
F(E,DE) can be written as@11#
F~E,DE!5
11 1

2 ~21b!~DE/E0!1 1
6 ~21b!~31b!~DE/E0!2

12 1
2 ~a2b1m x̄ !~DE/E0!1 1

6 @~a2b!~a2b21!1~2a23b!m x̄ 1~m x̄ !2#~DE/E0!2
, ~2!
e

ion

r

or
ere

s
at

eir
ons
ea-
r as
hed.
tal
the
n

ater,
. 2,
ree
s-

SR

ese
wherem is the x-ray mass attenuation coefficient calcula
from the data of Thin and Leroux@34#, x̄ 5 @E/S(E)#/~cos
g/cosd), with g being the angle between the target norm
and the beam axis, andd is the angle between the targ
normal and the direction towards the x-ray detector. Th
two angles were 0° and 45°, respectively. The stopp
powerS(E) and the coefficientb were calculated from the
data of Ziegleret al. @35#, while the coefficienta was deter-
mined iteratively from the measured data points using
~1!. A few iterations were necessary, with the initial gue
F(E,DE)51. In our case,F(E,DE) exceeded unity by les
than 8% for all targets and energies used in the meas
ments. The total experimental uncertainties of the measu
x-ray production cross sections are summarized in Table

The scattering cross sections i can deviate from its Ruth
erford value for two main reasons: the screening effects
to the surrounding electrons at lower ion energies, a
nuclear-force interactions between the projectile and ta
nucleus at higher ion energies. According to the model
veloped by Bozoianet al. @36#, the nuclear-force interaction
between the projectile and target nucleus contribute to
scattering cross section at energies which are much hi
than those used in the present measurements. So, we use
Rutherford backscattering cross sections with the scree
effect included according to L’Ecuyeret al. @37#. This effect
was highest for the Yb target bombarded by 2.6 MeV io
~3%!.

The L-subshell ionization cross sectionssL1
, sL2

, and

sL3
were calculated from the measuredsLa1,2

, sLg1,5
and

sLg2,3(4,48)
x-ray production cross sections using the follo

ing relations:

sL1
5

sLg2,3~4,48!
GL1

vL1
Gg2,3~4,48!

, ~3!

TABLE I. Total experimental uncertainties of the measur
x-ray production cross sections with carbon ions.

Z La1,2 Lb1,3,4 Lb2,15 Lg1,5 Lg2,3(4,48)

Cd 11 11 11 12 13
In 10 10 10 12 13
Sb 11 10 10 11 12
Te 10 10 10 12 13
Ba 10 10 10 11 13
Tb 10 10 10 12 14
Yb 10 10 10 12 14
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sL2
5

sLg1,5
GL2

vL2
Gg1,5

2sL1
f 12, ~4!

sL3
5

sLa1,2
GL3

vL3
Ga1,2

2sL1
~ f 12f 231 f 31!2sL2

f 23, ~5!

where Gg,a and GLi
are the individual and total radiativ

widths taken from Campbell and Wang@38#; v i and f i j are
the single hole fluorescence and Coster-Kronig transit
yields taken from Chenet al. @39#.

III. RESULTS AND DISCUSSION

The individualL-shell x-ray production cross sections fo
the investigated elements measured with12C ions are sum-
marized in Table II. Only a few experimental data exist f
comparison with the present measurements. For Yb, th
are two sets of measurements with carbon ions. Mehtaet al.
@13# reported the totalL-shell x-ray production cross section
at 8 and 10 MeV. Their result at 8 MeV is 50% lower, and
10 MeV 30% lower than ours. Mahli and Gray@9# measured
the individual La1,2, Lg1 and Lg2,3,(6) x-ray production
cross sections in the energy range from 0.5 to 3 MeV. Th
data are compared with our results and with the predicti
of the ECPSSR theory in Fig. 1. For all other elements m
sured with C ions and reported in the present work, as fa
the authors know, no experimental data have been publis

In Fig. 2, the ratios between the experimen
Li-ionization cross sections and the predictions of
ECPSSR theory (sexpt/sECPSSR) are presented as a functio
of the reduced velocity parameterjLi

52v1 /uLi
vLi

, where

v1 is the projectile velocity andvLi
is the electron velocity in

the Li subshell. The parameteruLi
is the reduced electron

binding energy defined asuLi
5n2U2Li

/Z 2Li

2 R, where n is

the principal quantum number,U2Li
is the experimental

binding energy of the target atom electron,Z2Li
5Z224.15 is

the screened nuclear charge according to the recipe of Sl
andR is the Rydberg constant. As can be seen from Fig
large deviations from the ECPSSR theory exist for all th
subshells. For theL1 subshell, the experimental data are sy
tematically higher than the predictions of the ECPS
theory forj. 0.5. This ratio reaches a maximum atj' 0.7
for all the elements, except for Cd and In. In the case of th
two elements the limited resolution of the Si~Li ! detector
imposes difficulties in extracting theL1-ionization cross sec-
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TABLE II. Individual L-shell x-ray production cross section
~b! measured with12C ions.

Z E ~keV! La1,2 Lb1,3,4 Lb2,15 Lg1,5 Lg2,3(4,48)

Cd 2600 52.60 27.30 5.16 2.00 0.98
3400 119.00 59.30 11.90 4.90 1.75
4200 206.00 98.90 23.40 7.69 2.98
5000 319.80 150.80 37.10 12.60 4.69
6000 488.60 226.40 57.50 22.60 7.01
8000 980.10 443.20 126.20 48.90 17.00
9000 1316.50 608.90 156.20 59.60 25.30
10000 1708.70 801.80 215.50 76.20 35.20

In 5000 278.70 119.40 23.40 10.20 2.75
5300 316.00 134.80 29.60 14.50 4.73
5900 419.00 176.70 40.80 21.10 6.72
6400 535.70 218.00 52.00 26.90 8.26
7000 664.70 264.60 65.50 32.80 9.79
7600 860.50 350.00 87.90 41.20 14.10
8200 958.40 385.70 99.50 46.90 16.90
8800 1059.90 444.60 117.00 55.90 20.20
9400 1743.80 700.90 181.20 85.60 32.30
10000 2426.60 1021.10 276.20 104.80 51.00

Sb 2600 28.60 15.20 2.73 1.29 0.51
3400 73.50 34.90 8.36 2.82 1.12
4200 130.20 60.00 15.10 5.33 1.99
5000 210.70 97.30 25.10 8.83 2.99
6000 311.20 138.40 38.40 14.20 4.91
7000 423.30 182.20 55.70 18.10 6.95
8000 523.50 224.90 72.10 23.60 9.25
9000 968.50 410.10 137.40 45.60 17.80
10000 1255.40 531.50 180.90 60.60 25.60

Te 3400 59.10 28.10 6.58 3.18 0.79
4200 110.90 52.80 11.80 6.19 1.37
5000 167.70 79.70 18.00 9.20 2.16
6000 265.60 120.20 32.10 11.90 4.36
7000 365.20 161.80 44.80 16.10 5.90
8000 470.60 206.20 60.20 22.80 7.52
9000 737.70 319.80 97.40 35.90 12.80
10000 988.20 432.90 129.70 48.60 20.30

Ba 2600 10.20 5.86 1.25 0.55 0.19
3400 30.40 15.10 3.93 1.47 0.53
4200 58.80 27.60 7.64 2.84 1.07
5000 94.40 42.90 12.20 4.28 1.60
6000 151.10 68.20 20.40 6.87 2.99
7000 220.70 96.10 30.40 10.00 4.20
8000 298.90 128.00 42.60 13.40 6.00
9000 440.10 181.60 65.70 21.00 8.04
10000 567.20 231.80 85.60 29.20 9.86

Tb 3400 6.58 4.03 0.96 0.56 0.15
4200 15.30 8.36 2.37 1.15 0.30
5000 27.60 13.90 4.38 2.06 0.46
6000 47.40 22.50 7.65 3.33 0.76
7000 73.80 33.90 12.00 5.04 1.24
8000 104.00 44.40 17.90 7.00 1.60
9000 140.10 58.40 24.30 9.23 2.20
10000 184.40 75.60 32.30 11.90 2.97

Yb 6000 25.60 12.40 4.45 1.94 0.53
7000 41.60 19.20 7.29 2.99 0.80
8000 59.40 26.00 10.90 4.22 1.14
9000 79.00 33.90 14.70 5.21 1.51
10000 107.80 45.50 19.90 6.84 2.06
tions from the weakestLg2,3 lines. The x-ray spectra are als
broadened due to multiple outer-shell ionization. ForL2 and
L3 subshells at the lowest velocities, the cross section r
(sexpt/sECPSSR) reaches a factor of about 5, and then grad
ally decreases for higher velocities. A similar tendency w
reported by Braziewiczet al. @11# for the case of some rar
earth elements bombarded by carbon ions, and Sema
et al. @12# for some heavier elements (Z.72). The data from
Ref. @12# are compared with ours in Fig. 2. It was alrea
pointed out by some authors@11,20,40# that the binding cor-
rection used in the ECPSSR theory leads to an overest
tion of the effective binding energy in the low energy lim
when it is calculated using undistorted screened hydroge
wave functions. Some modifications of the ECPSSR bind
correction were proposed@11,20# which moved theory close
to experiment, though not decisively.

As we compared our results only with the predictions
the direct ionization ECPSSR theory, it is necessary to e
mate the possible electron capture~EC! contribution to the
cross section. For the present measurements, the incomi
ions withoutK-shell vacancies were used, but an EC con
bution can arise due to the finite target thickness@41#. The
relevant parameter to consider is the ratio between the
jectile K-shell and targetL-subshell binding energies of in
terest. In our case, this ratio is lower than 0.1 for all targe
Gardneret al. @43# observed for similarK binding energy
ratios in the case of F ions on Cu targets that the EC con
bution was less than 10%. Experimentally, x-ray product
cross sections as a function of target thickness have alre
been studied by many authors@11,13,41,42#. Schiebelet al.
@42# measured AgL x-ray yields as a function of targe
thickness~2–40 mg cm22) from 10–40 MeV F ions with
charge states 61 to 91. They found that for 61 ions the
x-ray yield was independent of target thickness. Sunet al.
@41# measuredM -shell x-ray production cross sections wi

FIG. 1. La1,2, Lg1, andLg2,3 x-ray production cross section
for a Yb target bombarded by carbon ions~open circles–Mahli and
Gray @9#, closed circles–present measurements, lines–predict
of the direct ionization ECPSSR theory!. Typical error bars are
shown.
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8 MeV 12C ions on Ho as a function of the target thickne
They found that for targets thicker than 14mg cm22, inde-
pendently of the ion charge state, the x-ray production cr
section becomes constant. They also reported that the c
section difference between thin targets and the charge-
equilibrium targets was about 10% for incoming 8 MeV12C
ions withoutK-shell vacancies. Braziewiczet al. @11# exam-
ined theL-shell ionization of La and Dy targets with differ
ent thicknesses~1–250 mg cm22) by 12C14,15,16 ions of
26.4 MeV energy. They found that for targets thicker than
mg cm22, the L x-ray production was practically indepen
dent of the target thickness and projectile charge state
our targets were 20mg cm22 thick, and C ions with charge
statesq512,13 were used, we assume that theL-shell
x-ray cross sections reported here are equilibrium cross
tions and that the EC contribution cannot be higher tha
few percent.

Better overall agreement was found between the exp
mental data and the predictions of the SCA theory. D
were compared with the SCA theory@26# in the united-atom
limit ~Fig. 3! which was improved further by including cor
rection factors from a simple coupled-channel model~Fig.
4!. In the united-atom approximation, the electron bindi

FIG. 2. Ratio of the experimentalL-subshell ionization cross
sections and the direct ionization ECPSSR theoretical predict
for 12C ions, as a function of the scaled velocityjLi

. Symbols used
are the following:~a! present measurements: Cd–black circles; In
black squares; Sb–black triangles; Te–inverted black triang
Ba–white circles; Tb–white squares; Yb–white triangles;~b! data
from Ref. @12#: Hf–gray circles; Ta–gray squares; W–gray t
angles. Typical error bars are shown.
.
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ri-
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energies and the wave functions are essentially those
virtual atom with the atomic numberZ1 1 Z2. This is justi-
fied for sufficiently slow collisions, characterized by a r
duced velocity parameterj smaller than unity. In the SCA
approach@26#, the projectile motion is assumed to follow
classical hyperbolic trajectory, and the atomic electrons
described by screened hydrogenic wave functions. T
screening due to inner electrons was taken into account
cording to Slater, and that due to outer electrons accordin
Bethe.

The differences between the experimental data and
SCA theory are largest for theL1 subshell at the highest ion
velocities. Good agreement was found for theL3 subshell,
where the differences between experiment and theory
generally lower than 40% for the entire energy range. For
L2 subshell, the agreement between experiment and S
theory is better, and typical cross section differences in
very adiabatic region are reduced to a factor of 2. For theL1
subshell and the lowest energies investigated, the experim
tal data are lower by up to 60% than the theoretical pred
tions. Aroundj' 0.5, the experimental data start to be sy
tematically larger than the theoretical predictions, a
exceed them by a factor of 3 at the highest energies inve
gated.

The subshell coupling effects, in the few-state couple

ns

s;

FIG. 3. Ratio of the experimentalL-subshell ionization cross
sections and the SCA-UA theoretical predictions@26# for 12C ions
as a function of the scaled velocityjLi

. Symbols used are the fol
lowing: Cd–black circles; In–black squares; Sb–black triangl
Te–white circles; Ba–white squares; Tb–white triangles; Yb–g
triangles. Typical error bars are shown.
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channel model of Sˇmit and Orlić@26#, were calculated for Sb
and Ba in the form of correction factors, given as the cr
section ratiossLi

CC / sLi

UA . HeresLi

CC was obtained by solving

a system of coupled equations, andsLi

UA was calculated in the

first-order approximation and in the united-atom limit@26#.
The model@26# simultaneously accounts for the redistrib
tion of vacancies and the binding effect. Due to the sm
number of states involved in the calculation~eight bound and
a virtually bound 4s,p state representing the continuum!, the
calculated cross sections may be too low, mainly due to
overestimated binding effect. Figure 4 indicates that the
clusion of the intrashell coupling effect improves the agr
ment between theory and experiment for theL2 subshell in
the low energy region. For theL3 subshell, the coupled
channel calculations predict slightly higher cross section
tios than the SCA-UA. For theL1 subshell, the cross sectio
differences become significant, especially for the 0.4,jL1

, 0.7 region where they reach a factor of 12 forj'0.6.
Similar general behavior~improvement forL2, no role in the
analysis ofL3, and somewhat worse agreement with expe
ment for theL1 subshell! was already reported by Sarka
et al. @24#. They compared the ECPSSR theory with a
without intrashell coupling for different heavy ion-targ
combinations. The same was done by Sarkadiet al. @27# in
the case of B bombardment on Au and Bi. In both wor

FIG. 4. MeasuredL-shell ionization cross sections normalize
to ~a! first order SCA-UA predictions~full symbols!, ~b! few-state
SCA coupled-channel calculations~hollow symbols! @26#. Circles
are for an Sb target and squares for a Ba target bombarded with12C
ions. Typical error bars are shown.
s

ll

e
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s

@26,27#, only thejL1
, 0.42 region was investigated, and th

significant deficiency of the coupled-channel model as fou
in the present study in the 0.4,jL1

,0.7 region was not
detected. Several approximations which were used for de
oping the coupled-channel model@26# may be responsible
for the effect. The choice of nonrelativistic hydrogenic wa
function for theL1 subshell may be critical due to its nod
structure. However, the most important limitation of th
model@26# is the small number of states included, which a
unable to reproduce the collisionally induced evolution
atomic wave functions. The number of states required for
calculation would then increase with the size of the pert
bation, i.e., with theZ1 /Z2 ratio. The differences betwee
the calculated@26# and experimental cross sections are the
fore larger for largerZ1 /Z2 ratios. For theL1 subshell, the
importance of proper wave function expansion was alre
demonstrated in@23#.

For conversion of the x-ray production cross sections i
ionization cross sections we used single hole fluoresce
and Coster-Kronig transition yields. It is well known that fo
heavy ions the probability of producing more than one v
cancy during a collision cannot be neglected. Therefore
important to estimate the influence of multiple ionization
the atomic parameters. The presence of spectator vaca
in the M and higher shells during theL-shell vacancy decay
causes an energy shift of theL x rays. The relative intensities
of x-ray lines filling the sameL subshell vacancy may als
vary. Thus both the x-ray shifts and the relative intensit
can give information about the degree of outer-shell multi
ionization during x-ray emission. Fortneret al. @44# calcu-
lated the variations of theL-shell fluorescence yield in cop
per as a function of theM -shell vacancy number. They foun
that the copperL-shell fluorescence yield is essentially co
stant~varies less than 10%! for as many as sixM -shell va-
cancies. For elements with a fullM shell in the ground state
the removal of the first few 3d electrons changes the x-ra
and Auger transition rates by the same proportion, and
fluorescence yield remains relatively unchanged. To estim
the degree of multiple ionization, theHF86 @45# general
Hartre-Fock program was used for calculating theLa1,2
(M4,5-L3) andLb2,15(N4,5-L3) transition energies for differ-
ent numbers of spectatorM vacancies. TheN-shell vacan-
cies were not included in the calculations, since the ene
shifts caused byN vacancies are more than one order
magnitude lower than those caused byM vacancies. The
number ofM -shell vacanciesVM was estimated separate
for La1,2 and Lb2,15 x-ray lines by comparing the exper
mental (DEexpt) and calculated@45# energy shifts. As can be
seen from Table III, the results forVM obtained from the two
x-ray lines at the same impact energy are in good agreem
However, the results obtained fromLb2,15 are more reliable,
since the energy shifts forLa1,2 in the case of Tb are close t
the experimental uncertainties of the x-ray energy deter
nation, which was estimated to be 8 eV. It can also be c
cluded that the degree ofM -shell ionization slightly in-
creases with ion energy, and is higher for lowerZ2 targets.
The degree of multiple ionization for theN shell (VN) was
calculated by comparing the measured and theoretical Di
Hartree-Fock x-ray line intensity ratios@38# and by using the
statistical scaling procedure of Larkins@46#. According to
@46#, the x-ray intensity ratio„I (La1,2)/I (Lb2,15)…C in the
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TABLE III. Average number ofM -shell vacancies (VM) calculated from theLa1,2 and Lb2,15 x-ray
energy shifts (DEexpt) for 3.4 and 10 MeV carbon ions. The average number ofN-shell vacancies (VN) was
estimated by comparing theI (La1,2)/I (Lb2,15) x-ray intensity ratios obtained by carbon ion bombardm
with the theoretical values of Campbell and Wang@38# and using the statistical scaling procedure of Lark
@46#. After VN was determined,VO was estimated applying a similar procedure for theI (Lg2,3)/I (Lg4,48)
ratio.

Z Energy~MeV! X ray DEexpt ~eV! VM „I (La1,2)/I (Lb2,15)…C „I (Lg2,3)/I (Lg4,48)…C VN VO

Ba 3.4 La1,2 20 1.3
3.4 Lb2,15 71 1.5 7.74 5.80 3.5 3.4
10.0 La1,2 31 1.9
10.0 Lb2,15 89 1.9 6.63 6.84 2.8 3.3

Tb 3.4 La1,2 12 0.8
3.4 Lb2,15 54 1.0 6.83 6.68 2.6 2.5
10.0 La1,2 15 0.9
10.0 Lb2,15 69 1.3 5.71 6.37 1.3 1.0
tw
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presence of additional vacancies in theM and N shells is
given by

S I ~La1,2)

I~Lb2,15)
D

C

5S I ~La1,2!

I~Lb2,15)
D

0

12VM /10

12VN/10
, ~6!

where „I (La1,2)/I (Lb2,15)…0 is the x-ray intensity ratio for
an atom with no vacancies in theM and N shells, andVM
and VN are the numbers of spectator vacancies in the
shells, respectively. The experimental line ratios for Ba a
Tb at 3.4 and 10 MeV are given in Table III. From@38#, the
„I (La1,2)/I (Lb2,15)…0 theoretical x-ray intensity ratio is 5.8
for Ba and 5.59 for Tb. The degree ofO-shell ionization was
obtained by a similar scaling procedure, using the measu
I (Lg2,3)/I (Lg4,48) intensity ratio and the vacancy numb
VN estimated from Eq. ~6!. The theoretical
„I (Lg2,3) /I (Lg4,48)…0 x-ray intensity ratio is 5.98 for Ba and
7.01 for Tb @38#. The calculated number ofVN andVO va-
cancies is shown in Table III. Concerning the estimated
gree of outer-shell ionization for Ba and Tb in the inves
gated energy range, and following the argumentation gi
in @44#, we can conclude that the variation of the fluore
cence yield caused by multiple outer-shell ionization is o
a few percent.

IV. CONCLUSION

The L-subshell ionization cross sections for selected e
ments 48<Z<70 were measured by carbon ions in the e
ta
o
d

ed

-

n
-
y

-
-

ergy range 0.22–0.83 MeV u21. The experimental data wer
compared with the predictions of direct ionization theorie
i.e., the ECPSSR theory and the SCA theory in the unit
atom approximation. A better agreement between the exp
mental data and theory was found for the SCA-UA theo
especially forL2 andL3 subshells, which is due to the inclu
sion of an appropriate binding correction for the adiaba
region. Inclusion of the intrashell coupled-channel calcu
tions further improved the agreement between experim
and theory for theL2 subshell in the very adiabatic region
but the theory fails to describe the behavior of theL1 sub-
shell in the 0.4,jL1

,0.7 region. Further theoretical studie

are needed to explain this observation. The degree of ou
shell ionization was estimated from the x-ray energy sh
and variations of the x-ray intensity ratios for the two e
ments Ba and Tb. It can be concluded that this degree
outer shell ionization cannot influenceL-subshell fluores-
cence yields by more than a few percent.
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