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K-K-electron transfer and K-shell-vacancy production cross sections for Ti bombarded
by 'Si and S beams at 1.25 —4.70 MeV/amu
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Single and double E-E-electron transfer and the K-shell-vacancy production cross sections for Ti bom-
barded by Si and S beams at energies varying between 1.2S and 4.7 MeV/amu have been determined,
in the limit of zero target thickness, from the thickness variation of the Ti X x-ray yield with ion beams
having 0, 1, or 2 vacancies in their K shell. From the measured energy shift and the intensity ratios of
Ect, KP lines, the average number of 2p and 3p vacancies were determined from which the average value
of the fluorescence yield co+ was deduced using the statistical scaling procedure of Larkins [J. Phys. B 4,
L29 (1971)]. The single-electron transfer cross sections are compared with the calculations of Brinkman
and Kramer as formulated by Nikolaev [Sov. Phys. JETP 24, 847 (1967)] and those of Lapicki and
McDaniel [Phys. Rev. A 22, 1896 (1980)] and the modified two-center atomic-orbital-expansion model
(AO+) of Fritsch and Lin [J. Phys. B 15, 1255 (1982)]. The double-electron transfer cross sections are
also compared with the AO+ predictions. The K-shell-vacancy production data are compared with cal-
culations based on the perturbed-stationary-state approach with the Coulomb-deflection, binding-

energy, and relativistic corrections (ECPSSR) included. In addition, the projectile cross sections for
single-electron capture and loss have also been deduced at a few energies.

PACS number(s): 34.50.Fa, 34.70.+e

I. INTRODUCTION

Extensive measurements on the K-she11 ionization of
elements by proton and a-particle beams have been made
in the past [1]. Recently the interest in this area has been
renewed and systematic measurements of the cross sec-
tions for low-Z elements (6~Z 22) using proton and
He beams have been reported [2—4]. The K-shell ioniza-

tion, in these cases, is mainly due to direct Coulomb in-
teraction between the projectile ion and target electrons
and are quantitatively described by the perturbed-
stationary-state theory (PSS) in which the effects due to
the energy (E) loss of the projectile during the collision,
Coulomb (C) deflection of the projectile in the field of the
target nucleus, and relativistic (R) electron motion
(ECPSSR) are incorporated in the plane-wave Born ap-
proximation [5]. When heavy ions are used as projectiles,
the electron transfer from the target K shell to the unoc-
cupied states in the projectile also contribute to the
target-K-vacancy production. These cross sections are
particularly large when completely stripped ions are used
as projectiles [6]. Tanis et al. [7] have measured the E
shell x-ray production cross sections in K, Ti, Mn, and Br
using Cl beams with no K-shell vacancy, thus suppressing
the contribution from the K-E-electron transfer channel.
They find reasonable agreement with the ECPSSR theory
for Zi/Z2=0. 5 (here the subscripts 1 and 2 refer to the
projectile and the target, respectively) while the agree-
ment becomes progressively worse as Z, /Z2 approaches
unity, even when v, /v2x =0.3 (v, is the projectile veloci-
ty and v2x the mean velocity of the target K electrons).

The relative importance of direct ionization and elec-
tron transfer in K-shell ionization by heavy ions has been
extensively investigated for Ti bombarded with a number

of heavy ion beams up to Cl and over a wide energy range
of 0.5 to 6.5 MeV/amu [8,9]. These investigations show
that direct ionization plays a dominant role for the asym-
metric collision system (Zi/Z2 +0.4) at low to inter-
mediate collision velocities (v, /v2x 0.8). As the col-
lision system becomes more symmetric electron transfer
from the target K shell to the projectile plays an increas-
ingly important role in the E-vacancy formation by the
projectile.

The previously reported data for the Cl beam on Ti in
Ref. [7] were measured using a single target of thickness
3.9 pg/cm . The existing data for Ti with various ion
beams in Refs. [8,9] are for a vanishing thin (about 1

pg/cm ) target though the thickness variations were not
investigated. We report in this work systematic measure-
ments of single and double E-K-electron transfer and the
E-shell-vacancy production cross sections in nearly sym-
metric collision systems of Ti bombarded by Si
(Z, /Z2=0. 66) and S (Zi/Z2=0. 73) beams. The ex-
periments were performed at a few energies in the range
of 1.25 to 4.7 MeV/amu (v, /vzx. varying from 0.24 to
0.73). The target cross sections were extracted, in the
limit of zero target thickness, from the variation of the
target x-ray yield with thickness in order to avoid target
thickness effects [6]. Sulfur beams having zero, one, or
two initial vacancies in their K shells were used in the
measurements. Earlier measurements on this collision
system were restricted to 0.5 —2.25 MeV/ainu of S [9].
We have also measured these cross sections for Ti using
Si beams in a similar energy range.

The electron transfer cross sections can be calculated
in the Oppenheimer-Brinkman-Kramer (OBK) approxi-
mation as formulated by Nikolaev (OBKN) [10]. These
calculations overestimate the capture cross sections and
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semiempirical scaling factors have to be used to find
agreement with the measured values. Lapicki and
McDaniel [11]have developed formulas for electron cap-
ture from inner shells of target atoms by fully stripped
ions and have also included the second Born term and
effects of binding energy and Coulomb deflection in the
OBKN formalism. They have shown that reliable cross
sections for electron transfer can be obtained without the
use of semiempirical scaling factors. More rigorous ab
initio calculations in the two-state atomic-expansion
(TSAE) model have been developed by Lin and Tunnell
[12] to describe the K-K-electron transfer cross sections.
A modified two-center atomic-orbital-expansion (AO+)
method has also been proposed by Fritsch and Lin
[13,14] to calculate the K-K transfer cross sections. In
this method, in addition to the atomic orbitals of the
separated atoms, the united-atom orbitals are also includ-
ed in the two-center expansion to calculate the cross sec-
tions in the low-to-intermediate energy region. The cap-
ture cross sections deduced in the present work are corn-
pared with the predictions of these models.

II. EXPERIMENTAL DETAII.S

The experimental setup used in this work has been de-
scribed earlier [3,15] and hence only a brief outline will
be provided. S (40 —150 MeV) and Si (39—125 MeV)
beams were obtained from the BARC-TIFR Pelletron ac-
celerator at Bombay. The mass and energy analyzed
beam was passed through a carbon foil stripper [16] to
obtain diff'erent charge states of the incoming beam. The
charge selected beam from the switching magnet was
then directed into an electrically isolated chamber and
dumped 50 cm away from the target. The whole
chamber, including the beam dump, was used for charge
collection. Thin targets of Ti of thicknesses varying be-
tween 1 and 20 pg/cm were prepared on carbon back-
ings of 10 pg/cm by vacuum evaporation. The
thicknesses of these targets were obtained during the
measurement from the Rutherford scattering of S and Si
beams at the lowest bombarding energy used. The tar-
gets were mounted on a rotatable multiple target holder
[17] and were kept at 45 with respect to the beam direc-
tion. The emerging beam from the target was scattered
from a gold foil of known thickness mounted 6 cm down-
stream. The scattered particles were detected at 120' in a
Si surface-barrier detector. This provided an indepen-
dent normalization of the beam. The emitted x rays were
detected in two Si(Li) detectors (with a 25-pm Be window
and 170-eV resolution at 5.9 keV) mounted face to face
outside the scattering chamber in air at 90' to the beam
direction. The efficiency of the detectors was measured
earlier [18]. The total count rate in each detector was
kept below 600 counts/s for Si and 1000 counts/s for S by
using suitable absorbers of known thickness to reduce the
predominant projectile x rays.

III. DATA ANALYSIS AND RESULTS

A typical x-ray spectrum recorded in the region of Ti
K x rays is shown in Fig. 1. The Ka and KP com-
ponents, due to the decay of the single-K-vacancy state,
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as well as hypersatellite components Ka and Kp, due to
the decay of double-K-vacancy states, are clearly seen
and resolved. The hypersatellite components are more
pronounced when completely stripped ion beams are
used. The underlying background in this region is due to
the pileup of projectile x rays and from the broad REC
(radiative-electron-capture) peak whose position varied as
a function of the beam energy used. The REC back-
ground was very small and subtracted from the measured
spectra using a carbon target of appropriate thickness
(also see Ref. [15]). The intensities of the satellite and hy-
persatellite components were obtained from a fit to the
composite spectrum using a Gaussian peak shape and a
linear background and were corrected for the absorber
thickness. The normalized yields were used for further
analysis.

To compare the observed x-ray production cross sec-
tions with the theoretical models they have to be convert-
ed into ionization cross sections. The K ionization cross
section (oxl) was deduced from the measured K x-ray
production cross-section (c7xz) data by using the follow-
ing relation:

where co+(E,5) denotes the fluorescence yield as a func-
tion of beam energy (E) and the parameter 5 represents
the dependence of Auorescence yield on the electron
configuration of the target atom emitting x rays. The sin-
gle hole fluorescence yield as provided by Krause [19]are
inadequate for the present case since one has to consider
multiple ionization of the outer shells of the target atoms
caused by heavy ion impact. To calculate the Auores-
cence yield in such cases one has to know the atomic
configuration of the target atom at the instant of x-ray
emission. We have derived the average number of vacan-
cies in the 2p and 3p shells at the time of x-ray emission
from the measured intensity ratios of the Kp and Ka
components and the changes in their energy as compared
to the theoretical values corresponding to single vacancy.
The intensity ratios and the energy shifts are shown in
Fig. 2 as a function of the beam energy. As can be seen

FIG. 1. A typical spectrum showing the Ti Ka, Kn,
Kp, ICp" x rays and the REC peak obtained for the "Sbeam of
150 MeV. The small Fe Ko. peak is due to the scattering from
the target frame made of stainless steel.



47 E-X-ELECTRON TRANSFER AND E-SHELL-VACANCY. . . 3741

0.30

~ p ~ O ~ ~0 p ~

0.25—

O. 20—

0.30—

0 20 — ii ~ e
0

~ ~

250—
II

200—

100 —
g)

50 |i i & I

1.0 l.5

o 0 ~

6'
Q o'ok ' ~

I I I I I I I I I t t I I I I I I I I I I II I I I I t I I I I t

2.0 2,5 3.0 3,5 4.0 4.5 5.0

from the figure, in the energy range investigated here,
there is no appreciable change in these quantities with the
beam energy. The observed intensity ratio I(Kp)/I(ICa)
is found to vary between 0.20 to 0.25 as compared to a
value of 0.13 calculated by Scofield [20] indicating there-
by the presence of multiple ionization affecting x-ray

E (Mev/amu)

FIG. 2. The energy shift of Ti ICa (bE ) (d) and KP (bE&)
(c) x rays along with the intensity ratio (IK&!IK ) (b). The de-
rived values of A@K for Ti are shown for both the Si and ' S
beams (a). The value of coK (0.27) as measured by Tanis et al.
[7] for Ti using chlorine beam is shown by a dotted line. The
single-hole value of co~(0.214) [19] is shown as a solid horizon-
tal line.

1

F'(x) = [F ( oo )+P'e +N'e ]e (2)

emission. Hartree-Pock calculations have been used [7]
to derive the number of 2p vacancies from the measured
energy shift. The average number of 3p vacancies are ob-
tained from the intensity ratios of the Kp and Ka x rays
and the derived values of 2p vacancies (see Ref. [7] for de-
tails). The value of the Auorescence yield cox. is then de-
rived using the statistical procedure of Larkins [21,6].
The calculated values are shown in Table I. It is seen
that the calculated values are almost constant (within
about 3%) over all the energies (see Fig. 2). There is no
appreciable variation between the values for S and Si pro-
jectiles. A similar constant value (0.27) of cox for Ti us-

ing a Cl beam was reported by Tanis et al. [7]. The co+
values as estimated by Hall and co-workers [8,9,22], from
the available high-resolution x-ray data of Sc induced by
heavy ions, are about 10% lower with respect to our
values. All the x-ray production cross-section (o xx) data
were converted to ionization cross sections (axl) by using
the measured value of ~z which was found to be in-

dependent of target thickness and the initial charge states
of the beam.

Figure 3 shows a few typical data sets showing varia-
tion of the total target K-ionization cross sections (crzI)
with the target thickness for different initial charge states
of the beam corresponding to 0, 1, or 2 K vacancies. This
thickness dependence arises due to the changing fraction
of the ions with K-shell vacancies as a consequence of the
continuing electron capture and loss processes which are
operative as the projectile moves through the foil. The
state of the projectile K shell, as a function of the target
thickness x, can be described by a set of rate equations in
a three-component model [23]. , The solutions of these
rate equations give the probability that the projectile will
have a single [F& (x)] and double [Fz(x)] K vacancy after
traversing the thickness x and can be written in the form
[6,15,23,24]

TABLE I. The single-K-vacancy cross sections of Ti for Si and S beams. All cross sections are in
units of Mb. The single K-K-electron transfer cross sections (o.zzv) in column 7 are derived from o.s«
and o.s~v using «=0.5 [see Eq. (7)]. The same quantities in column 8 are obtained from the difference,
o.sKv

—o.sKv. The average errors in o.s«and o.sKv are about 20%%uo and 30%, respectively. Typical error
in ~K is about 5%%uo.

Beam

Si

E (MeV/amu)

1.39
1.75
2.26
2.57
3.00
4.46
1.25
1.75
1.97
2.25
2.81
3.13
3.75
4.00
4.69

0.275
0.281
0.279
0.276
0.274
0.271
0.276
0.280
0.280
0.279
0.280
0.278
0.279
0.273
0.273

0
O SKV

0.022
0.044
0.085
0.114
0.130
0.234
0.025
0.062
0.090
0.128
0.235
0.173
0.212
0.296
0.328

1o SK.V

0.179
0.179
0.420
0.540
0.523
0.701

0.900
0.897
1.308
0.772
1.220
1.278
1.645

2
~SKV

0.839
0.994

1.335
1.767

K-K
SKv

0.314
0.464
0.670
0.852
0.786
0.934

1.62
1.54
2.15
1.20
1.70
1.63
2.21

0.708
0.760

1.123
1.439
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From the measured data at various energies ~ was found
close to 0.5. This value is also expected from the statisti-
cal point of view. We have used a value of 0.5 for a [8,9]
in order to deduce o.sKv at lower energies where fully
stripped beams were not available. This is quite a reason-
able assumption as can be seen from the agreement of the
o sKV data deduced from single-electron ions (oPen circle
data in Figs. 4 and 5) as well as the fully stripped ions
(open triangle data in Figs. 4 and 5). The cross-section
values obtained are shown in Figs. 4 and 5 for Si and S
data, respectively. The average error in the o.z0 and
o sKV are about 20% and 30%, resPectively. The average
error in o.DKv was estimated to be about 33%. These er-
rors include the error in target thickness, detector
efficiency, charge normalization, fluorescence yield, back-
ground subtraction (REC and pileup), and the fitting pro-
cedure to find the area. Each of these contribution varies
from 5% to 10%. Our measured values for Si and S
projectiles agree quite well with the earlier measurements
though the Si data of Hall et al. [8] are systematically
lower than ours by about 10—20%.

The derived values of the cross sections o.sKv and o.sKv
are shown in Figs. 4 and 5 and in Table I. The calcula-
tions based on the plane-wave Born approximation
(PWBA) (not shown) overestimate the osKv throughout
the energy range investigated. The ECPSSR calculations,
on the other hand, underestimate the S data below

v, /v2K =0.4 (2 MeV/amu) and overestimate it above 0.5
(3 MeV/amu). For Si it was found to agree with the data
for 1.4 & E ~ 2.4 MeV/amu. The crossover was found to
be approximately at the same energy per nucleon (i.e., at
E/A =2 MeV/amu) for both the collision systems. Con-
sidering the fact that these calculations are valid for more
light and asymmetric systems, the disagreement is not
very surprising. Similar observations were made earlier
from measurements involving asymmetric collision sys-
tems [7,8].

The K-K-electron transfer cross sections can be com-
pared with the theoretical models for capture cross sec-
tions. The OBKN calculations are known to overesti-
mate the capture cross-section data by an order of magni-
tude. The calculated values in this approximation with a
scaling factor of 0.1 do not explain the data at all ener-
gies. Lapicki and Losonsky [26], starting from OBKN
formula, have calculated in the second Born approxima-
tion the cross sections for electron capture from inner
atomic shells of a target atom by fully stripped ions of ve-

locities high compared to the electron velocities of inner
shells of the target atom. For ions of low velocity the
effects of binding and Coulomb deAection have also been

O.IO:

0.0 I

I. O 2.0 3.0 4.0 5.0 7.0

Ioo.oo,
K-K

VsK„'. o, ~(Present), t(Hall et oI)
2K-2 K.

GDKy ' 7 ( Present)
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~ ~

'~

(a)
~ jrrV

O. IO =

O.OI =

F (Mev/amu)
FIG. S. (a) The single (crz&v) and double (o.DKv ) E-E-

electron transfer cross sections for the S beam on Ti. The lines
have the same meaning as in Fig. 4(a). (b) The single-E-vacancy
direct-ionization cross sections for incident beam with zero va-
cancy in the E shell cps«. The lines have the same meaning as
in Flg. 4(b).

E (MeV/a mu)

FIR. 4. (a) The single E-K electron transfer (o-~~v) and dou-
ble E-K electron transfer (crDK~ ) cross sections for the Si
beam on Ti. The values of Hall et al. were taken from Ref. [8].
The continuous (dashed) line represents the AO+ model calcu-
lations [12] for crsKv lcroK„). The dashed-dotted line and the
dashed-dotted-dotted line correspond to the E-E capture cross
sections calculated using the formulations given in Refs. [11]
and [26], respectively. The dotted line denotes the calculations
using the OBKN formulation (see text) with a normalization
factor 0.1. (b) the single-E-vacancy direct-ionization cross sec-
tions for incident beam with zero vacancy in the E shell o.s«.
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included. Both these results at low and high velocity
were joined through an expedient interpolation formula.
The calculated values underestimate the measured data
but they reproduce the energy dependence quite well.
Lapicki and McDaniel [11]have modified the above ap-
proach so that the binding effect was reduced (due to the
introduction of the radial cutoff). The calculated cross
sections, however, overestimate the data by a factor of
=2 but again it explains the data only qualitatively.
Both the K-K as well as the 2K-2K capture cross-section
data are best explained by the AO+ model calculations
[13,14] for both the systems. For S data we have used the
calculated values provided by Lin [27]. For Si data these
calculations were taken from Refs. [8,9].

The enhancement factors as~v(o. sKv/o. sKv) for single
K-vacancy production at various beam energies are
shown in Fig. 6. We have calculated this quantity by us-
ing the cross sections calculated in the AO+ approxima-
tion for o.zzv and the ECPSSR values for o.sKv. It can be
expressed in the fo11owing form:

asxv= 1+crt~v(AO+ )/osKv(ECPSSR) . (10)

20.0,
. S

l 5.0—

lO0

5.0

0.0 I ~ i I I I I I I I I I I 1 ~ I ~ I I I

l. O l.5 2 0 2.5 3.0 3.5 4 0 4.5

E ( MeV/arnu)

5.0 5.5 6.0

FICx. 6. The single-K-vacancy enhancement factor cxsKv for
Si on Ti derived in the zero thickness limit. The continuous

(dashed) lines are the calculated values obtained using Eq. (10)
[Eq. (11)]. The inset shows the similar quantities for S on Ti
(see text).

The calculated values are shown in Fig. 6 by a continuous
line for Si. The inset in Fig. 6 shows similar data for
the S beam. The agreement between the calculated and
the measured values is good above 2 MeV/amu below
which they overestimate the measured data. Below 2
MeV/amu the calculated values of asKv decrease very
rapidly with increasing energy. This is due to the fact
that the ECPSSR values increase very sharply whereas
the AO+ values vary rather slowly in this energy range
(see Figs. 4 and 5).

In the present case, since v
& /U2z varies between 0.24 to

0.73 (representing a low-to-intermediate energy range),
one can also calculate o.sKv and o,'sKv, using the work of
Meyerhof [28] and Taulbjerg et al. [29] as demonstrated
by Gray et al. [30]. In this method the single-K-vacancy
production cross section with single-K-vacancy in the in-
cident beam (crs&v) is given by

where

1

1+exp(2ly )
(12)

13 6 I& I2x=
(U /U ) 11/2+11/2 (13)

In this expression I, and I2 are the K-shell binding ener-
gies for the target and the one-electron ion, respectively,
and U0=c/137. The quantity mR is the geometrical
cross section at a radius R for which the dynamical cou-
pling element is the maximum. Its value can be found in
Ref. [29]. The scaled value of R, i.e. , R /Z2, was used for
the corresponding Q ( =Zz/Z, ) [29]. The calculated
values of czsKv in this approximation are shown in Fig. 6
as a dashed line. The measured values of o.s~v were used
for these calculations. The hatched region represents the
errors in the calculated values which arise mainly due to
the error in the measured values of o.sKv. The energy
dependence of this quantity is reproduced quite well in
this model though it underestimates the data by about
10—40%. The agreement was found to be better for the
Si data compared to the S data. It can be easily seen that
in the low energy region this approximation (dashed line)
gives a better estimate of aszv as compared to the earlier
method as described above [see Eq. (10)] (continuous
line). Gray et al. [30] have reported a very good agree-
ment between their measured value of asKv for the Cl
beam (of 60 MeV) on Cu and the calculated values in this
model. The K-K single-electron transfer cross sections
(osKv=vrR W) as calculated from this model are shown
in Fig. 7 as the dashed lines. The calculated values repro-
duce the qualitative behavior quite well. Quantitatively it
also gives a good agreement with the measured data
though it underestimates the data (about 10—40%) for
both the collision systems at all the energies.

The double-K-vacancy (DKV) production was
significant for energies ~3 MeV/amu. The DKV cross
sections as well as the double K-K-electron transfer cross
sections were determined from an analysis of the K-
hypersatellite intensity as outlined in Eqs. (5)—(8). Table
II contains these cross sections for both the projectiles.
The charge state dependence of DKV as well as SKV
cross sections are displayed in Fig. 8. The enhancement
of the DKV cross sections for the bare ions is very prom-
inent and this is due to the increase of the double K-K
transfer from target to the projectile with empty K shell.
The double K-K capture cross sections (oDKv ) are ex-
tracted for both the projectiles at a few energies ~ 3
MeV/amu. The measured data are shown in Figs. 4 and
5. The agreement with the AO+ model calculations is
excellent. The ratio of o.DKv/o. sKv for i =0, 1,2 is plot-
ted in Fig. 9. The data agree quite well with the general
trend of the existing data [31] for Si on Ti. The rise in

a sKv=(trsKv+~R II )/tTsvv ~

1 0 2 0

where the second term in the bracket is nothing but the
K-K capture cross section. The quantity 8' represents
the Meyerhof single pass electron transfer probability and
is given by
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FIG. 7. The single K-Il -electron transfer (o.sKv) cross sec-
tions for Si and S on Ti, as in Figs. 4 and 5. The open sym-
bols represent the present work and the closed ones are taken
from Ref. [8]. The dashed lines in both (a) and (b) are the
values calculated using Eq. (11) (see text). The continuous lines
are the AO+ calculations as in Figs. 4 and 5.

this ratio for bare ions of S over that of Si is due to the in-
crease in the double K-K transfer as the ratio Z, /Z2 ap-
proaches unity where the resonant charge transfer
occurs.

The projectile cross sections of electron capture and
loss (o,o and ao„respectively) extracted from the fits of
Eq. (3) to the experimental data (see Fig. 3) are shown in
Fig. 10 as a function of the projectile energy. These cross
sections are compared with existing theoretical models.
The capture cross sections are compared with the predic-
tion of the OBKN approximation using the formula
given in Ref. [10]. The calculated cross sections include
electron capture form the target (K,L,M) to projectile K
shell. A reasonably good fit to the experimental data at
all the energies can be obtained provided the OBKN
cross sections are scaled uniformly by a factor of 0.15.
The capture cross sections have also been calculated us-
ing the theory given by Lapicky and McDaniel [11]. The
calculated values include the transfer cross sections from
the target K,L to the projectile K shell. The calculated
cross sections are nearly a factor of 2 higher at all the en-

FIG. 8. The single- and double-K-vacancy cross sections for
' S and 'Si on Ti as a function of beam charge states. The data
for various beam energies are shown. All the circles and the tri-
angles denote o.DKV and o.sKV, respectively. The open (closed)
symbols represent the data for 120(150)-MeV S on Ti in (a) and
84(125)-MeV Si on Ti in (b). The lines joining the points are to
guide the eye.

ergies.
The calculations for the projectile loss cross section in

heavy ion collisions are much more complex. We have
tried to understand the data qualitatively treating elec-
tron loss as an ionization process of the projectile elec-
tron caused by the target atom. We have calculated the
loss cross sections for the present collision systems using
PWBA (with the roles of the projectile and the targets re-
versed). These cross sections overestimate the loss cross
sections but reproduce the energy dependence rather well
for both the ions. Similar results are also reported in our
previous work [15] on S-Gd collision system. The calcu-
lated values scaled by a common factor of 0.04 are shown
in Fig. 10. The same scale factor does not explain the S
and Si data. Such a discrepancy between the calculated
values and the measured data may not be surprising as in
these cases Z(Ti) )Z(S or Si) and for projectile ioniza-
tion, as in the present case, PWBA is supposed to be ap-
plicable in the reversed situation. The effective charge
(qr) of the ionizing particle (Ti atom) is also uncertain
(see p. 113 of Ref. [6]). Similar discrepancies between the
measured and calculated values for oxygen ion s on
different targets are also reported by Boman, Bernstein,
and Tanis [32].

TABLE II. The double-K-vacancy cross sections of Ti for Si and S beams. All cross sections are
in units of Mb. The average errors in 0.DKv are about 33%%uo.

Beam

Si

E (MeV/amu)

3.00
4.46

0
~DKV

0.00342
0.0154

1
DKV

0.0163
0.0506

2
~DKv

0.0807
0.210

2K-2K
~DKV

0.0515
0.125

3.75
4.00
4.69

0.012
0.016
0.017

0.079
0.083
0.107

0.346

0.589

0.200

0.392
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FIG. 9. The ratio o D~vt~sKv are plotted for Si and S on Ti.
The superscript i (=0,1,2) corresponds to the number of K va-

cancies in the incident beam. The open (closed) symbols are for
the Si(S) beam. The circles, triangles, and squares are for mul-

tielectron {q)Z& —2) ions, single-electron (q =Z& —1) ions, and
bare (q =Z&) ions, respectively. The open symbols with dots at
the center are taken from Ref. [31]. The dashed lines are to
guide the eye. The crosses (x) correspond to the data for fully

stripped Cl on Ti and are taken from Ref. [9].

FIG. 10. The projectile cross sections for single-electron cap-
ture (o.&0) (a) and loss (o.») cross sections (b). The dotted and the
continuous lines in (b) correspond to PWBA calculations for S
and Si on Ti, respectively, with a normalization factor of 0.04
(see text). The dotted and the dashed-dotted lines in (a) corre-
spond to the OBKN calculation for S and Si on Ti, respectively,
with a normalization factor of 0.1. The dashed and the continu-
ous lines correspond to capture calculations by Lapicki and
McDaniel [11]for S and Si, respectively.

factor usKv can also be understood in terms of the formu-
lations of Meyerhof [28] and Taulberg, Vabeen, and
Fastrup [29].

IV. CONCLUSIONS

Single and double K-K-electron .transfer and the K-
shell-vacancy production cross sections have been mea-
sured for Ti bombarded by Si and S in the energy
range 1.25 —4.75 MeV/amu. The measurements using a

S beam beyond 2.25 MeV/amu are in a previously un-
measured region. The single and double K-E transfer
cross sections are explained very well by the AO+ model
[13,14]. The ECPSSR calculation underestimates the
direct ionization cross-section data below 1.8 MeV/amu
and overestimates above 3 MeV/amu. The enhancement
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