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L -shell ionization in near-central collisions of MeV protons with low-Z atoms

M. Kavčič, Ž. Šmit, and M. Budnar
J. Stefan Institute, P.O. Box 3000, SI-1001 Ljubljana, Slovenia

Z. Halabuka
Institute of Theoretical Physics, University of Basel, CH-4056 Basel, Switzerland

~Received 16 June 1997!

High-resolutionKa x-ray spectra of Ca, Cr, and Fe induced by~0.7–1.5!-MeV protons and of Ti induced by
~0.7–4!-MeV protons were measured by a flat crystal spectrometer. From the relative yields of theKL1

satellites, which are the result of multiple inner-shell ionization, the averageL-shell ionization probabilities in
near-central collisions were determined. The effects of the rearrangement of the inner-shell holes prior to the
K x-ray emission and the changes of the fluorescence yields due to the multiple ionization were taken into
account in the evaluation of the ionization probabilities. The direct Coulomb ionization probabilities in the
near-central collisions were determined from the relative yields of theKL1 satellites after subtracting the shake
contribution. The values obtained were compared with semiclassical approximation calculations exploiting
relativistic hydrogenic and Hartree-Fock wave functions. The importance of a realistic atomic description using
Hartree-Fock wave functions was demonstrated.@S1050-2947~97!01512-6#

PACS number~s!: 32.80.Hd, 32.30.Rj, 34.50.Fa
ns
b
in
n
as
ca
a
e
T
th
rg

de
t
t

lly
on
th

t
e
a

en
.

e

he
c

th
he

ng
li-
ially

igi-
of

s a
ure-
fer-
ut in
at-

those
ery
ave
n-
of

of

ion
go
for

of

n
t

ncies
he
sig-
and
the
I. INTRODUCTION

The inner-shell ionization induced by proton collisio
with light atoms is mainly a result of the direct Coulom
interaction between the inner-shell electron and the mov
projectile. This interaction perturbs the atomic potential a
may result in the ejection of inner-shell electrons. In the c
of high-energy projectiles, several inner-shell vacancies
be created in the collision. In the subsequent radiative tr
sitions of such multiply ionized states, these additional sp
tator vacancies change the electron binding energies.
resulting x-ray lines are characterized as satellites since
are shifted towards higher energies compared to the ene
of the diagram lines in singly ionized atoms.

For a given atom, the magnitude of the energy shift
pends on the configuration of the spectator vacancies in
inner shells. When the additional vacancies are created in
shell involved in the transition, the energy shift is usua
larger than the natural linewidth. Using a high-resoluti
crystal diffraction spectrometer, the satellite lines on
high-energy side of the diagram line, which correspond
the transitions in multiply ionized atoms, can be resolv
from the diagram lines. The vacancies created in such
ion-atom collision are populated statistically, so theK x-ray
spectra generally show a complex satellite structure, dep
ing on the properties of the projectile and the target atom

TheKLn satellites in theK x-ray spectra are related to th
electron transitions in the atom with a singly ionizedK shell
and a multiply ionizedL shell. The relative yield distribution
of the KLn satellite lines is directly related to theL-shell
ionization probabilities and may yield information about t
ionization mechanism as well as about the correlation effe
in the atom. In the case of charged-particle impact,
L-shell ionization probability varies very slowly across t
impact-parameter region where theK-shell ionization may
occur. We can then treat the collisions resulting in theKLn
561050-2947/97/56~6!/4675~8!/$10.00
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state as nearly central~i.e., with zero impact parameter! with
respect to theL-shell impact-parameter scale. In deduci
the originalL-shell vacancy distribution created in the col
sion, the changes of the fluorescence yields and espec
the rearrangement of theL-shell vacancies prior to theK
x-ray emission have to be taken into account. From the or
nal vacancy yield ratios deduced from the relative yields
the KLn satellite lines, theL-shell ionization probability in
near-central collisions can be evaluated. This provide
much better test of theoretical descriptions than meas
ments of the total cross sections since the possible dif
ences between theory and experiment can be smeared o
the integration over the whole impact-parameter range. S
ellite measurements are also advantageous compared to
of the total cross section since they do not require a v
accurate knowledge of the fluorescence yields that may h
large uncertainties, mainly due to the Auger level width u
certainties. These uncertainties influence the evaluation
the ionization probabilities only through the calculation
the rearrangement factors.

Studies of charged-particle-induced inner-shell ionizat
through x-ray satellites were initiated about 30 years a
when MeV energy accelerators were increasingly used
atomic physics studies. Many papers, e.g.,@1–6#, were di-
rected towards an understanding of the multiple ionization
low-Z atoms by light ions. Many recent studies@7–10#
stretched the research interests towards medium-Z targets
and applied heavier ions as projectiles.

The basic goal of this work is to determine theL-shell
ionization probability arising from direct Coulomb ionizatio
in proton collisions with low-Z elements, being aware tha
important processes such as the rearrangement of vaca
prior to photon emission are taking place during t
ionization-decay process. Our interest was stimulated by
nificant discrepancies between the old experimental data
recent theoretical predictions. The data obtained in
4675 © 1997 The American Physical Society



a

p
ic

nc
a

ar

nt
m
b

lt
h
n

th
st
te
ce
h

fo

n
d,
u

ay

to

cu
er
m

on
te
in
ta

d
s
oi

n
5
te

de
fie
de

en
he
, a
ral

ed
e-
and
lar
m,

so-
pot

ffi-

e

-

a
A

e.
ed in

ity

e
ility

t
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present experiment were compared with semiclassical
proximation ~SCA! calculations using hydrogenic@11–14#
and Hartree-Fock~HF! wave functions@15#. In the compari-
son of calculated and measured data, we showed the im
tance of using realistic HF wave functions for the atom
description. The ionization probability was studied as a fu
tion of the reduced projectile velocity, which was defined
the ratio of the projectile and theL-shell electron velocity.
The differences between theory and experiment were cle
velocity dependent.

In the present paper we describe first the experime
setup in Sec. II followed by a description of the spectru
analysis in Sec. III. The method of deducing ionization pro
abilities from the measured relative yields of theKL1 satel-
lite line is presented in Sec. IV. We conclude with the resu
and a comparison with the SCA calculations in Sec. V. T
justification of choosing an appropriate set of wave functio
is described.

II. EXPERIMENT

The Ka x-ray spectra of Ca, Ti, Cr, and Fe ionized wi
~0.7–1.5!-MeV protons were measured at the J. Stefan In
tute, Ljubljana, using a high-resolution crystal spectrome
Protons were accelerated by a 2-MV Van de Graaff ac
erator. The obtained results stimulated us to perform furt
measurements at the Ruder Bosˇković Institute in Zagreb.
With their 6-MV Tandem accelerator, TiKa spectra with
proton energies up to 4 MeV were measured.

The high-resolution x-ray spectrometer, already used
several other atomic physics studies@16–18#, is described in
detail elsewhere@16#. It consists of a vacuum irradiatio
chamber in which the measured samples are inserte
vacuum chamber with the diffraction crystal that is evac
ated separately in order to reduce the absorption of x r
and the position-sensitive detector~PSD! for the detection of
diffracted x rays. The three units were separated by kap
windows and air gaps with total thicknesses of 75mm and 12
mm, respectively.

The protons impinged the thick metal target perpendi
larly. The targets, made of pure Ca, Ti, Cr, and Fe w
polished before they were inserted into the irradiation cha
ber. The Ca surface oxidized during the measurements~the
estimated thickness of oxide was 0.1mm! and all the targets
became covered with a thin layer of carbon due to the n
ideal vacuum conditions in the accelerator vacuum sys
(;1026 mbar). The outcoming x rays were diffracted
first order on a flat LiF crystal. The dimensions of the crys
were 75330 mm2 and its thickness was 4 mm. The^200&
reflecting planes were used for Ca and Ti and the^220& re-
flecting planes for Cr and Fe. The reflected x rays were
tected by the position-sensitive detector. The dimension
the PSD entrance window made of the aluminized Mylar f
~6 mm of Mylar foil and 50 nm Al! were 130310 mm2. The
PSD was of proportional type using an Ar~90%!1CH4~10%!
mixture as the working gas. The delay line arrangeme
tightly mounted on the cathode circuit, which consisted of
cathode strips, was employed for an accurate position de
mination of the absorbed x ray. The start signal was provi
from the anode wire, coupled to a charge-sensitive ampli
The stop signal was provided similarly from the catho
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strips through the delay line. The time difference betwe
the two signals is proportional to the lateral position of t
detected x ray. Using constant fraction discriminators
good time resolution was achieved, resulting in a late
resolution of 0.4 mm.

The intrinsic resolution of the spectrometer, determin
mainly by the spatial resolution of the position-sensitive d
tector, was 2.2–3.3 eV. The distance between the target
the PSD was 866 mm, which resulted in very good angu
resolution. The lateral dimensions of the PSD were 12 c
which allowed a~300–400!-eV-wide energy interval to be
measured within a single run. The experimental energy re
lution depended mainly on the dimensions of the beam s
on the target, which was (0.5– 0.7)310 mm2. This size im-
plied an energy resolution of 3.5–6.5 eV, which was su
cient for clearly resolving theKL1 satellites from the dia-
gram lines.

III. DATA ANALYSIS

The measuredKa spectra exhibit additional lines on th
high-energy tail of the diagram line~Fig. 1!. These lines are
classified as theKLn satellites of theKa line and correspond
to theK→L II,III transitions in a multiply ionized atom withn
additional vacancies in theL shell. In the case of proton
induced ionization, theL-shell ionization probabilities are
rather small (;1%) and imply the excitation of theKL1

doubly ionized states only; however, in the case of Ca
small contribution from theKL2 state was also observed.
typical spectrum consisted of theKa1,2 diagram lines and the
KL1 satellite line on the high-energy tail of the diagram lin
The measured spectra of Ca, Ti, Cr, and Fe are represent
Fig. 1.

In the independent-particle framework, the probabil
that a proton with an impact parameterb producesm vacan-
cies in theK shell andn vacancies in theL shell can be
expressed by the binomial distribution@19#

PmK,nL5S 2
mD S 8

nD @pK~b!#m@12pk~b!#22m

3@pL~b!#n@12pL~b!#82n, ~1!

where pK is the K-shell ionization probability per electron
andpL is the mean ionization probability per electron for th
threeL subshells. To obtain the cross section, the probab
is integrated over the impact parameter

sKm,Ln52pE
0

` S 2
mD S 8

nD @pK~b!#m@12pK~b!#22m

3@pL~b!#n@12pL~b!#82nb db. ~2!

Since theL-shell ionization probability is nearly constan
over the impact parameter region whereK-shell ionization
may occur, we obtain

sKm,Ln52pS 8
nD @pL~0!#n@12pL~0!#82nE

0

` S 2
mD

3@pK~b!#m@12pK~b!#22mb db. ~3!
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Considering that the primary vacancy yieldI KLn is propor-
tional to the ionization cross sectionsKLn, one obtains

I KLn

I KL0
5

sKLn

sKL0
5

~n
8!@pL~0!#n

@12pL~0!#n . ~4!

It is evident that theKLn satellite yield relative to theKa
diagram line gives us theL-shell ionization probability for
the near-central collisions~zero impact parameter! within the
independent-particle framework.

The Ka x-ray spectra of multiply ionized atoms are ve
complex. The different configurations of theL-shell vacancy
among the threeL subshells and the different angular m
mentum couplings of the inner-shell vacancies are resp
sible for energy splitting of both the initial and final state

FIG. 1. High-resolutionKa spectrum of Ca, Ti, Cr, and Fe
induced by 1.5-MeV protons, with an enlarged view of theKL1

satellite line~upper corner of the inset!. Some asymmetry on the
low-energy tail of the diagram line is due to theKLM radiative
Auger effect.
n-
.

The transition may therefore occur between many differ
states, resulting in a rich spectrum structure. The shape o
lines can also be affected byM -shell ionization, although in
our case this contribution was not significant. For a pro
spectrum analysis, a theoretical knowledge of theKaLn

structure is needed@10#. In the case of low-Z element ion-
ization, this fine structure is usually almost complete
smeared out due to the energy resolution of the spectrom
which is typically a few eV. This fine structure cannot b
completely resolved even by better instrumental resolut
since we cannot remove the effects of natural linewidths.
we focused our interest on the yield of theKL1 satellite line
relative to theKa diagram line, the spectra were separat
into three components. TheKa1 and Ka2 lines were ana-
lyzed using two Voigt functions. The Voigt function is th
convolution of the Lorentzian and Gaussian distribution, c
responding to the natural line shape and the instrume
response, respectively. The Lorentzian widths of theKa1
andKa2 lines were assumed to be equal, but let free throu
the fit. If the tabulated values of the Lorentzian widths we
included in the fit, the response function of the spectrome
had to be known very precisely. The response of the sp
trometer is usually well described by a Gaussian distributi
but it is almost impossible to avoid some deviations in t
tails. This is the reason that the Lorentzian widths obtain
from the fit are slightly larger than the natural line width
that can be found in tables. TheKL1 satellite was described
by a single Voigt function, but the widths of both the Loren
zian and Gaussian component were left free. In order to
timate the reliability of our fitting model, we compared th
yields obtained from the fits using either single or multip
Voigt functions, which in the latter case described the str
gest contributions to theKL1 satellite line as given in the
literature @20#. The two procedures gave totalKL1 line
yields, which differed by less than 3%, which implied th
the fit using a single Voigt function provides reliable resul

From the fitting procedure we evaluated theKL1 satellite
yields with respect to theKa diagram lines. Figure 2 show
a high-resolutionKa x-ray spectrum of Fe, bombarded wit
1-MeV protons, fitted with the model described above. T
EWA program package for spectrum analysis@21# was used
for spectrum fitting.

After the fitting procedure, several experimental corre
tions of the relative satellite yields were applied. Because
the targets used were thick, we had to account for pro
stopping and x-ray absorption in the target. The relative s
ellite yields deduced from thick targets were converted i
their respective thin target values by the use of correct
factors. They were calculated following the Merzbach
Lewis formula @22#. The derivativedE/dx as required by
@22# was calculated from the fit to the measured data. For
where the yield varies smoothly with proton energy, the c
rection factor differed from unity by 3%, but for the Fe
where the energy dependence of the yield is more p
nounced, this difference was about 10%. The stopping p
ers of Ziegler and Manoyan@23# were used. The x-ray at
tenuation coefficients were obtained from the tables of Th
and Leroux@24#.

The relative satellite yields were also corrected for x-r
absorption in the three 25-mm Kapton foils and a 12-mm ai
gap between the target and detector, for the crystal reflec
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FIG. 2. FeKa spectrum induced by 1.0-MeV protons, decomposed by the fitting method as explained in Sec. III. TheKa1 andKa2 lines
are fitted with the Voigt functions of the same Lorentzian and Gaussian widths. TheKL1 satellite line is fitted with a single Voigt function
by setting all parameters free. The background is described by a straight line.
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ity, and also for the detector efficiency. These correctio
generally depend on the energy difference between the
ellite and the diagram line. Since the difference was v
small @DE(KL1-Ka1)525.6 eV for Ca and 42.3 eV for Fe#,
these effects were almost negligible~the correction was les
than 1%!.

IV. METHOD OF DEDUCING THE L -SHELL IONIZATION
PROBABILITIES

We showed that in the independent-particle framewo
theL-shell ionization probability for near-central proton co
lisions with low-Z atoms can be evaluated from the relati
yields of theKL1 satellite lines@Eq. ~4!#. However, the quan-
tities that follow from the measurements reflect the situat
in the L shell at the moment of theK x-ray emission. In
order to find the ionization probabilities, we have to take in
account the rearrangement of inner shell vacancies prio
the K x-ray emission. This process alters the primary v
cancy distribution produced in the collision. In the case
low Z-elements where we cannot resolve contributions fr
the differentL subshells, the rearrangement between the s
shells is not important. The original vacancy distribution
the L shell is essentially altered by vacancy promotion
higher shells~mainly M !. Since the energy shift of the sa
ellite line decreases with the principal quantum number
the spectator vacancy, the energy shifts of theKM1 satellite
lines are much smaller than for theKL1 satellites. For low-Z
elements, the energy shifts of theKM1 satellite lines are
comparable to theKa natural linewidth, so they cannot b
resolved from the diagram line. Vacancy promotion in
higher shells actually redistributes some of theKL1 satellite
s
at-
y

,

n

to
-
f

b-
f

f

lines into the diagram lines. The second important effect t
has to be taken into account concerns the partial fluoresc
yield for the Ka transition since it may vary due to th
presence of additional vacancies in theL shell that is in-
volved in the transition. Considering both effects, the yie
of theKL1 satellite lines relative to theKa diagram line can
be expressed as@7#

I 1
X5

sKL1
X

sKL0
X 5

$sKL1@12R~L1!#%vKa~Ln!

@sKL01sKL1R~L1!#vKa~L0!
, ~5!

where I 1
X is the relative yield of theKL1 satellite line ex-

tracted from the fitting procedure and corrected for abso
tion in the target and on the way to detector,R is the rear-
rangement factor, andvKa is the partial fluorescence yiel
for the Ka transition. The rearrangement factorR is defined
as

R5
GL

A1GL
R

GL1GK
~6!

and the partial fluorescence yield for theKa transition is
defined as

vKa5
GKa

R

GK
, ~7!

where G i is the total atomic level width of the particula
shell, whileG i

R andG i
A are the partial widths for the radiativ

and Auger transition processes of the shell, respectively
Eq. ~6!, the influence of Coster-Kronig transitions is n
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glected since these transitions redistribute the vacancies
tween differentL subshells, but they do not change the to
number ofL-shell vacancies produced in the collision. T
relative vacancy yield~4! of the KL1 satellite produced in a
near-central proton collision with a low-Z atom can be ex-
pressed as

I KL1

I KL0
5

sKL1

sKL0
5

8pL~0!

12pL~0!

5I 1
X vKa~L0!

F12R~L1!S 11I 1
X vKa~L0!

vKa~L1! D GvKa~L1!

. ~8!

For the estimation ofvKa(L1) and R(L1) in Eq. ~8!, it is
necessary first to estimate the level width of theKL1 ionized
state. As the level width of theK shell is influenced by an
additional L-shell vacancy, the respective tabulated valu
have to be modified by a suitable correction. We used
statistical method of Larkins@25#, where the width of a cer-
tain transition is in the first approximation proportional to t
number of electrons available for the transition. It has be
shown that this approach gives very realistic results for
K-shell level widths@26,27#. For the radiative and nonradia
tive transition widths in a singly ionized atom we used t
values of Scofield@28#, Kostroun, Chen, and Craseman
@29#, and McGuirre@30,31#. For theKa transition, the fluo-
rescence yields for atoms having an additional vacancy in
L shell ~i.e., corresponding to theKL1 satellite! are shown in
Table I. The data are normalized with respect to theKL0

values and it is apparent that an additionalL-shell vacancy
does not change the fluorescence yield significantly for lo
Z elements. The change invKa can be neglected in the firs
approximation.

The rearrangement influences the primary vacancy y
to a much higher extent than the variations of the fluor
cence yield. We estimated theZ dependence of the rea
rangement factorR(L1) using first the level widths for singly
ionized atoms@28–31# and ignored the differences betwee
the L subshells. The result of this estimation, demonstrat
the size of the effect only, is shown in Fig. 3. As Fig.
suggests, the original vacancy distribution can be chan
significantly prior to theK x-ray emission. This strong rear
rangement process originates mainly in the competi
LMM Auger transitions, which have level widths comp
rable to those for theK radiative transition. Though a mor
realistic calculation of the rearrangement factor using
K-shell level widths of the doubly (KL1) ionized atom
would yield somewhat smaller values, it is apparent that

TABLE I. Ratio of theKa partial fluorescence yields for doubl
(KL1) and singly ionized atoms. The level widths for doubly io
ized atoms were calculated according to a statistical procedure@25#.

Element Z vKa(L1)/vKa(L0)

Ca 20 1.010
Ti 22 1.011
Cr 24 1.009
Fe 26 1.013
e-
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rearrangement of theL-shell vacancies prior to theK x-ray
emission is extremely important. Its influence cannot be
glected, especially for the case of elements ofZ around 30.

The rearrangement factor was calculated more preci
for the elements Ca, Ti, Cr, and Fe. The tabulated values
the level widths in singly ionized atoms@28–31# were cor-
rected for the additional hole in theL shell according to the
method of Larkins, as explained above. The values are
lected in Table II.

In addition to the direct Coulomb ionization, the sha
process may also contribute to satellite production. The
moval of an inner-shell electron causes a sudden chang
the atomic potential that can result in the ejection of an el
tron to the continuum~shakeoff!. The KL1 satellite yield is
therefore composed of direct ionization and shake contri
tions. Since theL-shell ionization probabilities are rathe
small for proton impact~;1% for low-Z elements! and Eq.
~4! relates to theL-shell ionization probability independentl
of its mechanism, we can write the probability obtained fro
the KL1 satellite yield as a sum of probabilities

pL5pL
DI1pL

S . ~9!

where DI andS refer to the direct ionization and shake pr
cess, respectively. In order to obtain the direct ionizat
probabilities, we subtracted the shake probabilities from
experimental values. We used the probabilities
Mukoyama and Taniguchi@32# that were calculated using
the Hartree-Fock-Slater wave functions within the sudd
approximation model. The shake probabilities extend fr

FIG. 3. Z dependence of the rearrangement factorR5(GL
A

1GL
R)/(GK1GL) calculated from the level widths of singly ionize

atoms@23–26#.

TABLE II. Rearrangement factorR5(GL
A1GL

R)/(GK1GL) in
Ca, Ti, Cr, and Fe for doubly (KL1) ionized atoms. The leve
widths for doubly ionized atoms were calculated according to
statistical procedure@25#.

Element Z R

Ca 20 0.260
Ti 22 0.271
Cr 24 0.281
Fe 26 0.331
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TABLE III. L-shell ionization probabilities for the direct Coulomb ionization of Ca, Ti, Cr, and
induced in near-central proton collisions

Ep ~MeV! pL(Ca)(0) ~%! pL(Ti)(0) ~%! pL(Cr)(0) ~%! pL(Fe)(0) ~%!

0.7 1.3060.18 0.8860.13
0.8 1.2760.18 0.9260.14 0.6660.11 0.4360.09
0.9 1.2960.18 0.9560.14 0.6860.11 0.4760.10
1.0 1.3160.18 0.9560.14 0.7360.12 0.5360.11
1.1 1.2760.18 0.9660.14 0.7560.12 0.5660.12
1.2 1.2760.18 0.9960.15 0.7960.13 0.6060.12
1.3 1.2760.18 0.9660.14 0.8160.13 0.6460.13
1.4 1.2560.18 0.9960.15 0.8260.13 0.6660.14
1.5 1.2360.17 1.0160.15 0.8360.13 0.6960.14
2.0 0.8660.26
3.0 0.7060.11
4.0 0.5160.08
3
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0.09% for Fe up to 0.18% for Ca and represent about 1
20% of the direct ionization probability values.

V. RESULTS AND DISCUSSION

Following the procedure outlined above, theL-shell ion-
ization probabilities for the direct Coulomb ionization
central collisions were evaluated from the measuredKL1

satellite yields. As mentioned previously, the elements
interest were Ca, Cr, and Fe ionized with~0.7–1.5!-MeV
protons and Ti ionized with~0.7–4!-MeV protons. The ion-
ization probabilities are collected in Table III. The uncerta
ties of the deduced probabilities are mainly the result of
uncertainties of the level widths used for calculation of t
rearrangement factors. In particular, the level widths
LMM and someKLL Auger transitions have large unce
tainties, which yield a total uncertainty of the rearrangem
factor up to 40%. The uncertainty contribution originatin
from the fitting procedure is generally less important.

TheL-shell ionization probabilities are plotted in Fig. 4 a

FIG. 4. L-shell ionization probabilities for the direct Coulom
ionization of Ca, Ti, Cr, and Fe induced in near-central collisio
with ~0.7–1.5!-MeV protons. The impact energies correspond
reduced projectile velocitiesh in the range 0.76–1.49. The poin
that correspond to the reduced projectile velocity matching
L-shell electron velocity (h51) are plotted with solid symbols.
–

f

-
e

r

t

a function of proton energy in the range 0.7–1.5 MeV.
this energy region the projectile velocity surpasses
L-shell electron velocity (h50.76– 1.49). Figure 4 indicate
that the ionization probability increases with proton ener
in Fe and Cr, reaches a maximum in Ti, and starts to dec
in Ca. As expected, the ionization probability reaches
maximum around matching of the projectile and electron
locities. According to Fig. 4, this maximum occurred
slightly larger projectile velocities in our experiment.

For proton-induced ionization of low-Z elements, the pre-
dominant ionization mechanism is direct Coulomb ioniz
tion. As we are interested in the ionization probability at ze
impact parameter, the respective theoretical values hav
be obtained in the semiclassical approximation, which allo
us to calculate the impact-parameter dependence of
single-electron ionization probability.

The experimental values were compared to the first-or
SCA calculations of Trautmann and Ro¨sel @11,12#, Šmit
@13,14#, and Halabuka, Perger, and Trautmann@15#. All
these calculations employ classic hyperbolic trajectories,
differ in the choice of atomic wave functions. The codes
Trautmann and Ro¨sel and that of Sˇmit employ screened hy
drogenic Dirac wave functions, but use different approxim
tions for the screening of outer atomic electrons. The wa
functions of Šmit are essentially those used traditionally
the plane-wave methods@22,33# and include transitions into
the final states with negative energy. As pointed out by K
bach@34#, these states are a good approximation for sing
particle states in the self-consistent field. In the calculation
Halabuka, Perger, and Trautmann@15#, the concise relativis-
tic Hartree-Fock wave functions were employed.

The theoretical values of theL-shell ionization probability
were calculated for the near-zero impact-parameter va
~100–150 fm! in order to avoid a large recoil contribution i
exactly central collisions. The energy dependence of the
perimental and theoretical values for a Ti target is shown
Fig. 5 and the reduced velocity dependence of the ra
between the experimental and theoretical values is give
Fig. 6.

The probabilities calculated by the three methods hav
similar energy dependence, though they differ significan
in size. The values of Trautmann and Ro¨sel @11,12# are gen-
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erally a factor of 1.5–2 lower than the values of Sˇmit @13,14#
and Halabuka, Perger, and Trautmann@15#. The latter two
differ by a few percent at low collision velocities and b
30% at high collision velocities. However, the differences
high velocities may be up to 10% higher since the calcu
tion @13,14# involved multipoles up tol 52 only.

In comparison with the Ti experimental data~Fig. 5!, the
values of Trautmann and Ro¨sel cross the experimental da
at Ep51 MeV (h;1), as their trend is continuously de
creasing. The experimental data show a broad maximum
Ep51.5 MeV. A maximum, though of larger intensity and
lower energies, is indicated by the methods of@13,14# and
@15#. For higher energies,Ep.2 MeV, the experimental data
are rather well reproduced by the values of@15#, the differ-
ence between the two sets of data being smaller than
experimental uncertainties.

The results of Figs. 5 and 6 suggest that the calcula
@15# employing relativistic Hartree-Fock wave function
yields data that are closest to experiment. For the metho
@13,14#, which uses a simple yet effective approximation f
the states in the atomic potential, the differences betw
theory and experiment are 30% larger. This indicates that
proper choice of wave functions is essential for the calcu
tion of ionization probabilities at near-zero impact para
eters.

VI. SUMMARY AND CONCLUSIONS

High-resolution measurements of theKa line shape were
performed for Ca, Ti, Cr, and Fe targets bombarded by p
tons. The proton energies were 0.7–1.5 and 0.7–4.0 MeV
the Ti target. The relative KL satellite yields were used
determine theL-shell ionization probabilities in near-centr
collisions. The method represents a more severe test o
theoretical models than measurements of the total cross
tions.

The importance of the rearrangement process due to tL
Auger transitions has been demonstrated for low-Z elements
~R50.26 for Ca and 0.33 for Fe!. It has been shown that th

FIG. 5. L-shell ionization probabilities for the direct Coulom
ionization of Ti as a function of the proton energy. The experim
tal data are compared with the SCA calculations of Trautmann
Rösel @11,12# ~dotted line!, Šmit @13,14# ~dashed line!, and Hala-
buka, Perger, and Trautmann@15# ~solid line!.
t
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change in theK-shell fluorescence yield due to the addition
L-shell spectator vacancy can be neglected. The direct C
lomb ionization probabilities were determined from the s
ellite yields after subtracting the shake contribution. F
proton-induced ionization of low-Z elements, the shake
probabilities are comparable to the directL-shell ionization
probabilities.

The experimental results obtained were compared w
the SCA calculations. The calculated values depend stron
on the wave functions used. The comparison supports the
of relativistic Hartree-Fock wave functions. In the low
energy region (h,1.5), the current SCA calculations fail t

-
d

FIG. 6. Ratio of the experimental and theoretical SCA ioniz
tion probabilities as a function of the reduced projectile veloci
The three models differ in the choice of wave functions used
employ in turn two different types of hydrogenic Dirac wave fun
tions~see@11,12# and@13,14#, respectively! and relativistic Hartree-
Fock wave functions@15#.
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reproduce the measured values, regardless of the typ
wave function used.
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@13# Ž. Šmit and I. Orlić, Phys. Rev. A50, 1301~1994!.
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