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L -shell ionization of selected mediuni elements by 0.220.83-MeV u~! carbon ions
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Individual L-shell x-ray production cross sections were measured ¥hions in the energy range 0.22—
0.83 MeV u ! on Cd, In, Sh, Te, Ba, Th, and Yb targets. From these measuremeritsstiteshell 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 approximatio(BCA) 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 far,thebshell in the very
adiabatic region, but theory fails to describg-ionization cross sections, especially in the @:zgl_l< 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.
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PACS numbdps): 34.50.Fa

[. INTRODUCTION MeV u~L. Au was studied very often. For example, Sarkadi
and Mukoyamd6] reported Au L;-subshell ionization cross
Inner-shell ionization induced by charged particle impactsections in the energy range 0.03—0.28 MeVAu while
has been the subject of extensive experimental and theoretlitschinet al. [7] measured the same by 0.23-6.7 MeV!u
cal investigations during the last few decades. Most of theons. Mahli and Gray[9] reported individualL &y 5, Ly,
experimental work published so far has been concentrated aand L v, 3 ) X-ray production cross sections of Yb and Au
the ionization ofK andL shells by protons and particles.  for energies from 0.5 to 3 MeV . Mehtaet al. [13] re-
The accumulated experimental data have been summarizgarted the total -shell x-ray production cross sections for
in compilation works by several authdrs—4]. This interest selected elements between Cu and Pb in the energy range
is due to the fact that inner-shell ionization is of great im-0.17—1 MeV u !, Bhattacharyat al.[10] measured the in-
portance in the development of different kinds of applica-dividual L-subshell production cross sections for Au and Bi
tions, like particle induced x-ray emissidRIXE), calcula- by 0.3-0.79 MeV u! C ions, and Braziewiczt al. [11]
tions of stopping power, ion implantation, and the study ofreportedL;-ionization cross sections for some rare earth ele-
solids and plasmas. ments with 0.4—2.8 MeV u! ions. Recently, Semaniak
For the published data &- andL-shell x-ray cross sec- et al.[12] published the subshell ionization cross sections for
tions induced by ions heavier thanparticles, the situation is some selected heavy elements with<Z,< 90 by carbon
quite different. In the works published so far, the data ardons of energy 0.4—1.8 MeV U
very scanty concerning the studied elements, energy inter- The L shell presents a particularly sensitive ground for
vals, and projectiles, particularly far-shell ionization. Very testing direct ionization theories because it consists of three
often, authors have reported only the tdtashell x-ray pro-  subshells, all with different properties. Simultaneously with
duction cross sections, which is probably due to the very lovthe experimental measurements, different theoretical models,
x-ray production rate and the reduced resolving ability ofsuch as the plane wave Born approximat{@wBA) [14],
Si(Li) x-ray detectors. Some of the experimental limitationsand the semiclassical approximati¢8CA) [15,16, have
of x-ray cross section measurements have been alleviataseen developed. The observed disagreement between experi-
with the improved energy resolution of(&i) detectord135  mental results and theoretical predictions has provoked fur-
eV at 5.9 keV, or by the use of high resolution crystal spec- ther theoretical study and modification of the original PWBA
trometers. theory to the more advanced ECPSSR thddry,18. The
A limited number of studies exist df-shell ionization by ECPSSR theory is the perturbed stationary sa&S theory
carbon iong5-13. Li et al.[5] studiedL-shell ionization on  adopted to account for projectile energy ld& and the
Ta, Au, Bi, and U targets in the energy range from 0.5 to 8Coulomb deflectiorfC) in the field of the target nucleus, and
relativistic correctiongR) for describing the inner-shell elec-

trons.
*Present address: IAEA, Wagramerstrasse 5, A-1400 Vienna, Both the ECPSSR and SCA theory proved to be adequate
Austria. for description ofK-shell ionization by protons and helium
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ions. However, in the case df-shell ionization, even for of Smit and Orlic[26] in the UA limit and in the few-state
protons, deviations from theory have been observed in theoupled-channel model.

low ion velocity range[19,20. As can be expected, these

discrepancies are more pronounced for heavier projectiles. II. EXPERIMENT

Vigilante et al. [20] showed that improvements can be

achieved in the ECPSSR theory by modifying the binding All the measurements were performed witfC ions in
correction factor. However, these corrections were not suffithe energy range from 0.22 to 0.83 MeV Y using the EN
cient to explain the remaining disagreement between experfandem Van de Graaff accelerator at the RuderkBuie
ment and theory, especially for the subshell. Sarkadi and Institute, Zagreb. The trajectory of the incident beam was
Mukoyama[21] suggested that the mechanism of vacancyj?f'”ed by a set of four collimator slits which gave a 2 mm
sharing among subshells might be the cause of these diffefi-""‘mm?zr beam spot on the target. All_garg'ets used were 20
ences. The main idea of this model is that a vacancy pro#d cm ° thick, deposited on 2@ig cm™* thin carbon foil
duced by direct ionization in one of the subshells may be (Micromatter, USA. The L-shell x-ray spectra were col-
transferred to another subshell, and the result is the redistr|(—eCtecj by a SLi) detecton(Link Analytical) with a nominal

\ , g active area of 80 mm a Be window of 12.5um, and a
bution of vacancies between the subshells. Vigilagitel. . . '
[20] introduced this effect in the ECPSSR framework bymeasured full width at half maximutfWHM) of 150 eV at

X . ) .9 keV. The detector was mounted inside the vacuum cham-
using a simple two step model developed by Sarkadi an er at 135° to the beam axis. Thick molybdenum foil with a

Mukoyama[22], and showed that this correction slightly im- 7 1,y giameter aperture was placed in front of the detector to

proves the agreement between experiment _and theor_y. Shifsguce the low energy tailing induced by incomplete charge
galet al.[23] used the coupled-channel semiclassical impactgiection arising from edge effects. The aperture was cov-
parameter model in conjunction with the independent elecgred with a 55.m thick Kapton foil to attenuate the intense
tron model and target centered atomic orbital expansion tq;_-shell x rays. Together with the-shell x-ray lines, the
calculate the.;-subshell ionization cross section. Their cal- spectra of backscattered ions were collected using an annular
culation showed improvement in the agreement betweesilicon surface-barrie(SB) detector with an area of 400
theory and experimental data. Recently, Sarkgal. [24]  mm?, positioned at a mean angle of 171° to the beam axis.
compared the available experimental data forltheubshell  The relative SiLi) detector efficiency was determined using
ionization induced by heavy ions with the predictions of thethe procedure described by Pajekal. [30]. K-shell x rays
ECPSSR theory with and without intrashell couplifi§¢).  from a set of thin calibration targets of light eleme(it8 <
They included the IS correction factors calculated in thezZ, < 39) were produced by 1.8 MeV protons and measured
first-order approximation and neglected the interferencevith the SiLi) detector in the same configuration as was
terms as suggested by Sarkadi and Mukoy§®%. The re- used for thel-shell x-ray measurements. At the same time,
sult of this inclusion was a substantially improved agreementhe backscattered protons were measured by the SB detector
between experiment and theory for the subshell, but with-  at the same geometry. Théshell theoretical ECPSSR ion-
out essential difference in the analysidqf andL ;-subshell  ization cross sections corrected for Paul's empirical factor
data. $nit and Orlic[26] made a comparison between the [1], as calculated by theTpixan [31] computer code, were
experimentally determined proton induceg-dubshell ion- used for the efficiency calibration. In the region of interest
ization cross sections and theory calculated by the coupled3—-11 keV}, the measured efficiency had an uncertainty be-
channel method and by the first-order SCA-UAA denotes tween 6% and 9% for higher and lower energies, respec-
united atom. The result of their investigations was that the tively, because the uncertainties of the fluorescence yields
inclusion of the IS coupling effect improves the agreemen{32] for Z,< 20 are higher. For absolute efficiency normal-
between experiment and theory except in the very adiabatization, an®Fe radioactive source was used.

region, where the experimental data are scanty and uncertain. The nonlinear least-squares fitting routimeL [33] was
Sarkadiet al. [27] made coupled-state calculations for the used for background subtraction from the x-ray spectra and
ionization of the Au and BiL subshells by B ions in the for extracting theLl, La;,, LB134 LB21s, Lyis, and
energy range 0.48-0.88 MeVd and compared their re- L y23(44) X-ray intensities. For some lines more than one
sults with the experimental data reported by Patil.[28]. Gaussian was used to fit the individual x-ray transitions,
They found satisfactory agreement between the experimentahtainly because of the broadening of x-ray lines due to the
data and the coupled-states model. Also they reported thatuter-shell multiple ionization occurring in the heavy ion
the agreement between the experimental data and thepllision. IndividualL-shell x-ray production cross sections
coupled-channel model developed byiBand Orlic[26] is &) were calculated by normalization of the x-ray intensities

better for theL; andL , subshells, but for thes subshell, the 5 the corresponding ion backscattering intensities, using the
experimental points are closer to the coupled-states model %Ilowing equation:

Sarkadi[29].
In the present paper we report the individuashell x-ray
; . 4mY i)
production cross sections fara; 5, LB134 LB21s, Lyis, of =——~—F(E,AE), (1)
and Ly, 344) X-ray lines and the correspondirig-, L,-, P Y68y

andL z-subshell ionization cross sections for Cd, In, Sb, Te,

Ba, Th, and Yb measured witlC ions in the energy range where Y, and Y; are the x-ray and the backscattered ion
from 0.22 to 0.83 MeV 1. The results are compared with intensities corrected for dead tim@,  and(); are the x-ray
the predictions of the ECPSSR theory and SCA calculationand particle detector solid angles, is the differential back-
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scattering cross sectiofi/sn), ¢; is the x-ray detector effi- Assuming that the x-ray production cross sectigh(E)
ciency, andF(E,AE) is the correction factor due to ion and the stopping powe(E) are proportional t&E®* andE?,
energy loss and self-absorption of outgoing x rays inside theespectively, near the ion enerdy,, the correction factor
target. F(E,AE) can be written a§11]

1+ 3(2+ B)(AE/Eg) + 5(2+ B)(3+ B)(AE/Ep)?

F(E,AE)= — ——— : 2
1- 3 (a—B+ux)(AE/EQ)+ §[(a—B)(a—B—1)+(2a—3B) ux+(ux)?](AE/Eq)?
|
wherepu is the x-ray mass attenuation coefficient calculated TLy, Srl_z
from the data of Thin and Leroupd4], x = [E/S(E)]/(cos o= —o,f (4)
ylcoss), with y being the angle between the target normal L2" 715
and the beam axis, and is the angle between the target
normal and the direction towards the x-ray detector. These CTLaLZFL3
two angles were 0° and 45°, respectively. The stopping T o T —o,(ffatfa)—o fas, (B
3" %12

power S(E) and the coefficien were calculated from the

da_\ta of_ZiegI_eret al.[35], while the coefficient was de_ter- whereI", , and I are the individual and total radiative
mined iteratively from the measured data points using Eg. . v i _
(1). A few iterations were necessary, with the initial guessWidths taken from Campbell and Wah88]; w; andf;; are

F(E,AE)=1. In our caseF(E,AE) exceeded unity by less the single hole fluorescence and Coster-Kronig transition
than 8% for all targets and energies used in the measurdields taken from Cheet al. [39].
ments. The total experimental uncertainties of the measured
x-ray production cross sections are summarized in Table I. . RESULTS AND DISCUSSION
The scattering cross sectien can deviate from its Ruth-
erford value for two main reasons: the screening effects due The individuallL-shell x-ray production cross sections for
to the surrounding electrons at lower ion energies, andhe investigated elements measured WitE ions are sum-
nuclear-force interactions between the projectile and targenarized in Table Il. Only a few experimental data exist for
nucleus at higher ion energies. According to the model deeomparison with the present measurements. For Yb, there
veloped by Bozoiart al.[36], the nuclear-force interactions are two sets of measurements with carbon ions. Meh#d.
between the projectile and target nucleus contribute to thg13] reported the total-shell x-ray production cross sections
scattering cross section at energies which are much higheit 8 and 10 MeV. Their result at 8 MeV is 50% lower, and at
than those used in the present measurements. So, we used #ftieMeV 30% lower than ours. Mahli and Gr&§] measured
Rutherford backscattering cross sections with the screeningie individual Las,, Ly, and Ly,se) X-ray production
effect included according to L’Ecuyet al.[37]. This effect  cross sections in the energy range from 0.5 to 3 MeV. Their
was highest for the Yb target bombarded by 2.6 MeV ionsdata are compared with our results and with the predictions
(3%). of the ECPSSR theory in Fig. 1. For all other elements mea-
The L-subshell ionization cross sectiong , o, and  sured with C ions and reported in the present work, as far as
o, were calculated from the measureqalvz, Tly s and the authors know, no experimental data have been published.

x-ray production cross sections using the follow- N Fig. 2, the ratios between the experimental

gL L= . L
72.3(44) L;-ionization cross sections and the predictions of the

ing relations: ECPSSR theory e,/ oecpssp are presented as a function
T of the reduced velocity parametér =2v4./6, v ., where
ILyoqaa) b . L . o i o
aler—, (3) v, is the projectile velocity and S the electron velocity in
L v25) the L; subshell. The paramete . is the reduced electron
|
TABLE I. Total experimental uncertainties of the measuredbinding energy defined aeLi:n2U2Li/Z§LiR' wheren is
x-ray production cross sections with carbon ions. the principal quantum numbelUZLi is the experimental
binding energy of the target atom electrdy, =Z,—4.15is
z Lag, LB134 LB21s Lyis Ly2za4) ; ' :
the screened nuclear charge according to the recipe of Slater,
Cd 11 11 11 12 13 andR is the Rydberg constant. As can be seen from Fig. 2,
In 10 10 10 12 13 large deviations from the ECPSSR theory exist for all three
Sb 11 10 10 11 12 subshells. For the; subshell, the experimental data are sys-
Te 10 10 10 12 13 tematically higher than the predictions of the ECPSSR
Ba 10 10 10 11 13 theory for&> 0.5. This ratio reaches a maximumé&t 0.7
Tb 10 10 10 12 14 for all the elements, except for Cd and In. In the case of these
Yb 10 10 10 12 14 two elements the limited resolution of the(I9i) detector

imposes difficulties in extracting tHe,;-ionization cross sec-
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TABLE II. Individual L-shell x-ray production cross sections
(b) measured with**C ions.

Z E(keV) Lay, LBiza LBois Lyis Lysgaw

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 21550 76.20 35.20

In 5000 278.70 11940 23.40 10.20 2.75
5300 316.00 13480 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 6550 32.80 9.79
7600 860.50 350.00 87.90 41.20 14.10
8200 958.40 385.70 9950 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 22490 7210 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 31980 97.40 35.90 12.80
10000 988.20 43290 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 5.04 124
8000 104.00 44.40 1790 7.00 1.60
9000 140.10 58.40 2430 9.23 2.20
10000 184.40 75.60 3230 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 1090 4.22 1.14
9000 79.00 33.90 1470 5.21 151
10000 107.80  45.50 1990 6.84 2.06

100.0

10.0

x-ray production cross section [b]

0.1 N R Lo oy 1 I
6000 8000 10000 12000

energy [keV]

FIG. 1. Lay,, Ly, andLy, 3 x-ray production cross sections
for a Yb target bombarded by carbon iofmgpen circles—Mahli and
Gray [9], closed circles—present measurements, lines—predictions
of the direct ionization ECPSSR thegryTypical error bars are
shown.

tions from the weakedty, ;lines. The x-ray spectra are also
broadened due to multiple outer-shell ionization. Egrand

L5 subshells at the lowest velocities, the cross section ratio
(oexpt! oeCPssp reaches a factor of about 5, and then gradu-
ally decreases for higher velocities. A similar tendency was
reported by Braziewicet al. [11] for the case of some rare
earth elements bombarded by carbon ions, and Semaniak
et al.[12] for some heavier elementZ% 72). The data from
Ref. [12] are compared with ours in Fig. 2. It was already
pointed out by some authof$1,20,4Q that the binding cor-
rection used in the ECPSSR theory leads to an overestima-
tion of the effective binding energy in the low energy limit
when it is calculated using undistorted screened hydrogenic
wave functions. Some modifications of the ECPSSR binding
correction were proposdd 1,20 which moved theory closer

to experiment, though not decisively.

As we compared our results only with the predictions of
the direct ionization ECPSSR theory, it is necessary to esti-
mate the possible electron captueC) contribution to the
cross section. For the present measurements, the incoming C
ions withoutK-shell vacancies were used, but an EC contri-
bution can arise due to the finite target thicknp$s]. The
relevant parameter to consider is the ratio between the pro-
jectile K-shell and target.-subshell binding energies of in-
terest. In our case, this ratio is lower than 0.1 for all targets.
Gardneret al. [43] observed for similaiK binding energy
ratios in the case of F ions on Cu targets that the EC contri-
bution was less than 10%. Experimentally, x-ray production
cross sections as a function of target thickness have already
been studied by many authdrl,13,41,42 Schiebelet al.

[42] measured AgL x-ray yields as a function of target
thickness(2—40 ug cm™?2) from 10-40 MeV F ions with
charge states 6to 9*. They found that for 6 ions the
x-ray yield was independent of target thickness. ®ul.
[41] measuredM -shell x-ray production cross sections with
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FIG. 2. Ratio of the experimentdl-subshell ionization cross FIG. 3. Ratio of the experimental-subshell ionization cross
sections and the direct ionization ECPSSR theoretical predictionsections and the SCA-UA theoretical predictid@s] for %C ions
for *2C ions, as a function of the scaled velocﬁ){. Symbols used as a function of the scaled veloci&i. Symbols used are the fol-
are the following:(a) present measurements: Cd—black circles; In —lowing: Cd—black circles; In—black squares; Sb—black triangles;
black squares; Sb—black triangles; Te—inverted black trianglesTe—white circles; Ba—white squares; Th—white triangles; Yb—gray
Ba—white circles; Th—white squares; Yb—white trianglgs;data  triangles. Typical error bars are shown.
from Ref. [12]: Hf—gray circles; Ta—gray squares; W-—gray tri-
angles. Typical error bars are shown. energies and the wave functions are essentially those of a
virtual atom with the atomic numbét; + Z,. This is justi-
8 MeV %C ions on Ho as a function of the target thickness.fied for sufficiently slow collisions, characterized by a re-
They found that for targets thicker than 14 cm 2, inde-  duced velocity parametef smaller than unity. In the SCA
pendently of the ion charge state, the x-ray production crosapproach26], the projectile motion is assumed to follow a
section becomes constant. They also reported that the croskssical hyperbolic trajectory, and the atomic electrons are
section difference between thin targets and the charge-statkescribed by screened hydrogenic wave functions. The
equilibrium targets was about 10% for incoming 8 MéXC  screening due to inner electrons was taken into account ac-
ions withoutK-shell vacancies. Braziewiet al.[11] exam-  cording to Slater, and that due to outer electrons according to
ined theL-shell ionization of La and Dy targets with differ- Bethe.
ent thicknesse$1—250 ug cm 2) by 2C*4*5%6 jons of The differences between the experimental data and the
26.4 MeV energy. They found that for targets thicker than 15SCA theory are largest for tHe; subshell at the highest ion
wgcm 2, the L x-ray production was practically indepen- velocities. Good agreement was found for the subshell,
dent of the target thickness and projectile charge state. Aghere the differences between experiment and theory are
our targets were 2@¢g cm™? thick, and C ions with charge generally lower than 40% for the entire energy range. For the
statesq=+2,+3 were used, we assume that theshell L, subshell, the agreement between experiment and SCA
X-ray cross sections reported here are equilibrium cross setheory is better, and typical cross section differences in the
tions and that the EC contribution cannot be higher than aery adiabatic region are reduced to a factor of 2. Forl.the
few percent. subshell and the lowest energies investigated, the experimen-
Better overall agreement was found between the experital data are lower by up to 60% than the theoretical predic-
mental data and the predictions of the SCA theory. Datdions. Aroundé~ 0.5, the experimental data start to be sys-
were compared with the SCA thedi®6] in the united-atom tematically larger than the theoretical predictions, and
limit (Fig. 3) which was improved further by including cor- exceed them by a factor of 3 at the highest energies investi-
rection factors from a simple coupled-channel mogféy.  gated.
4). In the united-atom approximation, the electron binding The subshell coupling effects, in the few-state coupled-
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Q2. 03 04 05 06 07 08 09 10 [26,27), only the¢, < 0.42 region was investigated, and the

L L O L B B

B L,z significant deficiency of the coupled-channel model as found
% 3 in the present study in the 0<4¢ <0.7 region was not
9 % detected. Several approximations which were used for devel-
? FD g E oping the coupled-channel modgd6] may be responsible
6 o : for the effect. The choice of nonrelativistic hydrogenic wave
iE 8 (S : function for theL, subshell may be critical due to its nodal
43 o a Bge i E structure. However, the most important limitation of the
TR - model[26] is the small number of states included, which are
TP K/ T N T T R ici ; ;
R A A AR AR AR AR RARRARRERRRRS unable to reproduce the collisionally induced evolution of
L, 1 atomic wave functions. The number of states required for the
o ] calculation would then increase with the size of the pertur-
- ] bation, i.e., with theZ,/Z, ratio. The differences between
i o ¢ \:ﬁéo . ] the calculatedi26] and experimental cross sections are there-
é?%ﬁ_w_ T fore larger for largeZ,/Z, ratios. For thelL; subshell, the
"fa =t importance of proper wave function expansion was already
demonstrated if23].
U TR U N T NPT T N For conversion of the x-ray production cross sections into
L, | ionization cross sections we used single hole fluorescence
o %; ] and Coster-Kronig transition yields. It is well known that for
heavy ions the probability of producing more than one va-
] cancy during a collision cannot be neglected. Therefore it is
1 PR ek $e ] important to estimate the influence of multiple ionization on
L LE S B —— the atomic parameters. The presence of spectator vacancies
- . in the M and higher shells during tHe-shell vacancy decay
causes an energy shift of thex rays. The relative intensities
02 03 04 05 06 07 08 05 10 14 of x-ray lines filling the samé. subshell vacancy may also
£ vary. Thus both the x-ray shifts and the relative intensities
' can give information about the degree of outer-shell multiple
FIG. 4. Measured.-shell ionization cross sections normalized ionization during x-ray emission. Fortnet al. [44] calcu-
to (a) first order SCA-UA predictiongfull symbols, (b) few-state  lated the variations of the-shell fluorescence vyield in cop-
SCA coupled-channel calculatiorihollow symbol$ [26]. Circles  per as a function of th®l-shell vacancy number. They found
are for an Sb target and squares for a Ba target bombarded@ith that the coppet -shell fluorescence yield is essentially con-
ions. Typical error bars are shown. stant(varies less than 10p4or as many as siM-shell va-
cancies. For elements with a f(M shell in the ground state,

channel model of Bit and Orlic[26], were calculated for Sb the removal of the first few @ electrons changes the x-ray

and Ba in the form of correction factors, given as the cros@nd Auger transition rates by the same proportion, and the
section ratioarfic/ UEiA- Hereafc was obtained by solving fluorescence yield remains relatively unchanged. To estimate

. ' . the degree of multiple ionization, therge [45] general
a system of coupled equations, aﬁ,_HiA was calculated in the Hartre-Fock program was used for calculating ther, ,
first-order approximation and in the united-atom Iif26]. (M, -L,) andL, (N, L5) transition energies for differ-
The mOde|[26] SimultaneOUSIy accounts for the redistribu- ent humbers of Sbecta]’:dm vacancies. TheN-shell vacan-
tion of vacancies and the binding effect. Due to the smalkjes were not included in the calculations, since the energy
number of states involved in the CalCUlatiCﬂight bound and shifts caused b)N vacancies are more than one order of
a virtually bound 4, p state representing the continujrthe  magnitude lower than those caused My vacancies. The
calculated cross sections may be too low, mainly due to thember ofM-shell vacancied/,, was estimated separately
overestimated binding effect. Figure 4 indicates that the infg, Lay, and LB, 5 X-ray lines by comparing the experi-
clusion of the intrashell coupling_effect improves the agreemental ’(AEexpt) and calculate@45] energy shifts. As can be
ment between theory and experiment for thesubshell in  seen from Table IIl, the results faky, obtained from the two
the low energy region. For the; subshell, the coupled- y.ray lines at the same impact energy are in good agreement.
channel calculations predict slightly higher cross section raHowever, the results obtained fromB, ;5 are more reliable,
tios than the SCA-UA. For the, subshell, the cross section since the energy shifts fara, ,in the case of Th are close to
differences become significant, especially for the €.4,,  the experimental uncertainties of the x-ray energy determi-
< 0.7 region where they reach a factor of 12 §+0.6.  nation, which was estimated to be 8 eV. It can also be con-
Similar general behavidimprovement folL,, no role in the  cluded that the degree dfl-shell ionization slightly in-
analysis ofL 3, and somewhat worse agreement with experi-creases with ion energy, and is higher for lovifgrtargets.
ment for theL, subshell was already reported by Sarkar The degree of multiple ionization for the shell (V) was
et al. [24]. They compared the ECPSSR theory with andcalculated by comparing the measured and theoretical Dirac-
without intrashell coupling for different heavy ion-target Hartree-Fock x-ray line intensity rati$88] and by using the
combinations. The same was done by Sarledil. [27] in statistical scaling procedure of Larkifd6]. According to
the case of B bombardment on Au and Bi. In both works[46], the x-ray intensity ratio(l (La; 5)/1(LB219)c in the

o expt/ o theor
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TABLE Ill. Average number ofM-shell vacancies\{y,) calculated from the_a;, andL 3, ;5 x-ray
energy shifts AE,,,) for 3.4 and 10 MeV carbon ions. The average numbeX-@hell vacancies\(y) was
estimated by comparing tH€L a4 ,)/1(L B 15) X-ray intensity ratios obtained by carbon ion bombardment
with the theoretical values of Campbell and WdB§] and using the statistical scaling procedure of Larkins
[46]. After Vy was determinedyY, was estimated applying a similar procedure for they, 9/1(Ly44)
ratio.

z Energy(MeV) Xray AEqp(eV) Vy (I(Laid/I(LB219)c ((Ly23d/I(Lyaa))c Vn Vo

Ba 3.4 Loy, 20 1.3
3.4 LBo1s 71 1.5 7.74 5.80 35 3.4
10.0 Loy, 31 1.9
10.0 LB1s 89 1.9 6.63 6.84 28 33
Tb 3.4 Lalvz 12 0.8
3.4 LB1s 54 1.0 6.83 6.68 26 25
10.0 Lay, 15 0.9
10.0 LBo1s 69 1.3 5.71 6.37 1.3 1.0

presence of additional vacancies in theand N shells is  ergy range 0.22-0.83 MeV'it. The experimental data were

given by compared with the predictions of direct ionization theories,
I(Layo) I(La) | 1—Vy/10 i.e., the ECPSSR theory and the SCA theory in the united-
( : ) =( ’ ) , (6)  atom approximation. A better agreement between the experi-
I(LﬂZlE) c '(L132115) 0 1-V\/10 mental data and theory was found for the SCA-UA theory,

where (I(La; )/ (LB219), is the x-ray intensity ratio for ©€Specially forL.; andL ; subshells, which is due to the inclu-
an atom with no vacancies in té andN shells, andv,,  Sion of an appropriate binding correction for the adiabatic
and Vy are the numbers of spectator vacancies in the twdegion. Inclusion of the intrashell coupled-channel calcula-
shells, respectively. The experimental line ratios for Ba andions further improved the agreement between experiment
Tb at 3.4 and 10 MeV are given in Table IIl. Frdi®8], the  and theory for the., subshell in the very adiabatic region,
(I(Lay2)/1(LB2,15))o theoretical x-ray intensity ratio is 5.86 but the theory fails to describe the behavior of thesub-

for Ba and 5.59 for Th. The degree Ofshell ionization was shell in the 0.& §L1< 0.7 region. Further theoretical studies

obtained by a similar scaling procedure, using the measuregre needed to explain this observation. The degree of outer-
I(Ly29/1(Lyas) intensity ratio and the vacancy number shel| jonization was estimated from the x-ray energy shifts
Vy estimated from Eq. (6). The theoretical ang variations of the x-ray intensity ratios for the two ele-
(1(Lv2,9 /1 (L ya,4))o X-ray intensity ratio is 5.98 for Ba and ments Ba and Tb. It can be concluded that this degree of
7.01 for Tb[38]. The calculated number &fy andVo vVa-  quter shell ionization cannot influende-subshell fluores-
cancies is shown in Table lll. Concerning the estimated de(’:ence yields by more than a few percent.

gree of outer-shell ionization for Ba and Tb in the investi-
gated energy range, and following the argumentation given
in [44], we can conclude that the variation of the fluores-
cence yield caused by multiple outer-shell ionization is only

a few percent. ACKNOWLEDGMENTS
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