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Ka x-ray satellite lines of Si induced in collisions with 1–3-MeV protons

Matjaž Kavčič
J. Stefan Institute, P.O. Box 3000, SI-1001 Ljubljana, Slovenia

~Received 23 May 2003; published 28 August 2003!

The Ka x-ray emission spectra of Si bombarded by 1–3-MeV protons were measured with a crystal
spectrometer in Johansson geometry, enabling energy resolution below the natural linewidth of the measured
Ka line. The KaL1 and KaL2 (KaL1,2) x-ray satellite lines appearing in these spectra as a result of the
radiative decay of atomic states with one hole in theK shell and one or two in theL subshells were precisely
measured. The energies and intensities of the main components that could be resolved within the satellite lines
are given. It has been demonstrated that the latter do not depend on proton energy and are essentially the same
as in photon-induced spectra. The overallKaL1 satellite intensity relative to theKa diagram line has been
used to deduce theL-shell ionization probabilities induced in near-central proton collisions. The experimental
values were compared to the theoretical values calculated with the semiclassical approximation, with the
three-body classical trajectory Monte Carlo model, and the classical binary-encounter-based geometrical
model.

DOI: 10.1103/PhysRevA.68.022713 PACS number~s!: 32.80.Hd, 32.30.Rj, 32.70.2n
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I. INTRODUCTION

An excited atom with a single 1s shell vacancy emits an
Auger electron or a photon during the deexcitation proce
The photons emitted in these radiative transitions corresp
to characteristic diagram lines in theK x-ray spectra of the
particular element. When the 1s vacancy is accompanied b
an additional vacancy in one of the higher atomic she
these photons are slightly shifted to higher energies and
respond to the so-called satellite lines in theK x-ray spec-
trum. When the 1s vacancy is accompanied by one or mo
L-shell vacancies, the satellite lines are denoted asKLN,
whereN is the number ofL-shell vacancies. For low-Z ele-
ments, the energy shift of theKaL1 satellite relative to the
parentKa diagram line is 10–20 eV. Therefore, in order
be able to resolve the satellite lines, high-resolution x-
spectroscopy employing crystal spectrometers is require

The creation of multiple inner-shell vacancies in an at
is actually the dominant feature in the collisions of hea
ions with low-Z atoms. Due to very strong Coulomb inte
action between the projectile and the target electrons,
ion-induced x-ray spectra exhibit rich satellite structure w
very intense high-order satellites. Satellite lines can be
served also in collisions with protons or electrons but
satellite intensities are much weaker and only the lowe
order satellites can be observed. Satellite lines can be, du
the shake process, observed even in photon-induced x
spectra.

The satellites induced in collisions with protons a
heavier ions have been extensively studied in the p
@1–13#. In these works, the satellites were mainly used
study the ionization induced in collisions by measuring
intensity distribution of theKaLN satellite lines. TheKaLN

satellite lines of the ion-induced x-ray spectra are affected
the additional ionization of the outer shells, especially theM
shell. Since theKM satellites cannot be resolved from th
parent diagram line,M -shell ionization causes energy shif
and asymmetrical shape of the spectral lines. On the o
1050-2947/2003/68~2!/022713~7!/$20.00 68 0227
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hand, the photon-induced satellites, which are almost ex
sively the result of the shake process, are practically f
from M -shell contributions.

The measured fine structure of theKaL satellite lines can
be used to test the theoretical predictions of the atomic st
ture. Extensive multiconfiguration calculations yielding en
gies and intensities of the transitions incorporated in the
ellite lines can be used to learn more about the actual mix
of different configurations and therefore help us to bet
understand electron correlations in atoms. Usually phot
induced spectra are most suitable for these purposes sinc
measured satellite lines are not contaminated by the co
bution of theKM satellites. In this work, we will show tha
also the proton-inducedKaL satellite spectra are practicall
equivalent with the photon-induced one regarding the str
ture of the satellite lines when proton velocity is much high
than the velocity of the electrons within theL shell of the
atom. Therefore, also proton-inducedKaL satellite spectra
yield the opportunity to study fundamental atomic properti
It even has some advantages compared to the pho
induced one since the overall intensity is higher.

In this work, we have used excellent energy resolution
our spectrometer to measure theKaL1,2 satellites of Si in-
duced in collisions with 1–3-MeV protons. At such proto
energies, theM -shell ionization causing the distortion of th
satellite lines from the clean line shape observed in photo
duced spectra is almost negligible. Therefore, the structur
the KaL1,2 satellites is practically the same as in photo
duced spectra whereas the overall intensity is much hig
and therefore also a second-order satellite can be clearly
served. Since no dependence of the satellite structure on
excitation energy has been observed, we have extracted
average energies and relative intensities of the main com
nents that could be resolved within theKaL1,2 satellite lines.
Besides that, the total intensities of the satellite lines rela
to the diagramKa line have been used to obtain sing
L-shell electron direct ionization probabilities induced in co
lisions with 1–3-MeV protons. Obtained values have be
©2003 The American Physical Society13-1
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compared with the theoretical values calculated within
semiclassical approximation~SCA!, with the three-body
classical trajectory Monte Carlo simulation~CTMC!, and
with the geometrical model~GM!.

II. EXPERIMENT

The experiment was performed at the Microanalitic
Center~MIC! of the J. Stefan Institute, Ljubljana. Proton
were accelerated by a 2-MV tandem accelerator. A thick
target was bombarded with 1-, 2-, and 3-MeV protons; be
currents of 1–2mA were used.

The x rays emitted from the target after bombardm
with protons were measured with a high-resolution crys
spectrometer. The spectrometer consists of a target ho
the target shielding which prevents the emitted x rays fr
reaching the detector directly, a diffraction crystal bent
Johansson geometry, and a position-sensitive detector fo
tection of the diffracted x rays. The whole spectrometer
closed in a 1.631.330.4 m3 stainless-steel chamber evac
ated by the turbomolecular pump down to 1026 mbar.

The proton incidence and x-ray emission angle relative
the target surface was 45°. Emitted photons were reflecte
the first order of reflection by thê100& reflecting planes of
the SiO2 crystal. The crystal was bent in Johansson geo
etry, the radius of the Rowland circle was 100 cm, and
reflecting area was 7.533 cm2. Reflected photons were de
tected by a 12.5312.5-cm2 Fuji imaging plate~IP! @14# with
spatial resolution 1003100mm2. In order to reduce the
background, a 6-mm mylar foil was inserted in front of the IP
detector. The diffracted x rays contributed to a tw
dimensional intensity pattern on the IP detector. The horiz
tal axis corresponds to the energy axis of the spectrum, w
the vertical dimension increases the collection area.
measured two-dimensional image was projected on the h
zontal axis to get the final spectrum.

The Si target was positioned well inside the Rowla
circle at a distance of 37 cm in front of the diffraction cry

FIG. 1. High-resolution SiKa x-ray spectrum induced in colli-
sions with 2-MeV protons. PSL~photostimulated luminescence! is
the intensity unit used with the IP reading device and it is prop
tional to the number of detected photons.
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was placed on the Rowland circle where the focusing con
tion is fulfilled. For the SiKa line, the corresponding Bragg
angle was 56.9° and according to that the distance of

-

FIG. 2. High-resolution SiKa diagram line~top!, KaL1 satel-
lite line ~middle!, andKaL2 satellite line~bottom! decomposed by
the fitting model explained in the text.
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detector from the crystal was set to 83.7 cm. The final
perimental resolution was 0.25 eV, limited mainly by t
spatial resolution of the detector and the projection of
slightly curved vertical profile of the intensity pattern on t
detector. This energy resolution was sufficient for clearly
solving the fine structure within theKaL1,2 satellite lines.
The relatively large lateral dimensions of the detector
lowed a 80-eV-wide interval to be measured at a fix
crystal-detector position set for the SiKa line. The position
spectra were converted to the energy according to the p
tion of the Ka diagram line, which served as a referen
line. The energy of the reference line was set to 1740.0
@15#.

III. DATA ANALYSIS

The measuredKa spectra exhibit two additional lines o
the high-energy tail of the parent diagram line correspond
to the Ka (1s→2p) transitions in an atom with one an
with two additional spectator vacancies in theL shell. In the
case of MeV proton excitation, the single-electronL-shell
ionization probability is approximately 1–2%, therefore b
sides theKaL1 satellite also theKaL2 can be clearly ob-
served, whereas excitation of the higher-order satellite is
most negligible. The measuredKaL1,2 satellite spectra of S
bombarded with 2-MeV protons are presented in Fig. 1.

TheKaL1,2 satellite lines generally consist of many com
ponents since the different configurations of the spect
vacancies among 2s and 2p subshells and different couplin
possibilities of the total angular momentum of the open s
shells result in an energy splitting of both initial and fin
states. Since the energy shifts between the component
usually smaller then their natural linewidths, this fine stru
ture is almost completely smeared out. The measured s
trum is always convoluted with the spectrometer respo
function, therefore in most of the experimentsKaL satellite
lines can only be observed as single almost symmetric lin
In our case, the contribution of the spectrometer respo
function was, due to excellent energy resolution, reduced
much as possible giving us the opportunity to clearly reso
three main components within theKaL1 andKaL2 satellite
lines of Si induced with MeV protons. Generally, in ion
e

o
d
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induced excitation the shape of theKaL satellite lines can be
slightly affected by additionalM -shell ionization, which may
accompany ionization of theKL1,2 states. By comparing the
measured spectra excited with 1-, 2-, and 3-MeV protons,
have found this contribution to be negligible since the sha
of the KaL1,2 satellite lines was independent of the prot
energy.

In order to determine the parameters of the three m
components within theKaL1 and KaL2 satellite lines, we
have fitted them with three pseudo-Voigt lines which are l
ear combinations of Lorentzian and Gaussian functions, r
resenting the natural line shape and the instrumental
sponse, respectively. All parameters of the three lines w
not constrained in the fitting procedure. The diagramKa line
was fitted with two pseudo-Voigt lines with equal widths. A
example of such a fit is presented in Fig. 2.

Besides the energies and intensities of the compon
within the KaL1,2 satellite lines, we were also interested
the total intensity of the satellite lines relative to the diagra
Ka line. Therefore, we needed to apply several experime
corrections of the intensity ratio after the fitting procedu
First the relative satellite yields were corrected for the x-r
absorption in the mylar foil and for the crystal reflectivit
For the calculation of the absorption correction, the x-r
attenuation coefficients of Thinh and Leroux@16# were used.
For the crystal reflectivity correction we have taken the
flectivity of the ideal mosaic crystal with absorption in th
crystal @17#. Since both these corrections generally depe
on the energy difference between the satellite and the
gram line, which was very small (DE511.6 eV for the
KaL1 line and 22.7 eV for theKaL2 line!, these effects
gave a total correction of 3.1% for the total intensity of t
KaL1 line relative to theKa diagram line. The effects o
x-ray absorption and the crystal reflectivity on the relati
intensities of the components within each satellite line w
negligible.

Because of the thick targets used, we had to account
the proton stopping and x-ray absorption in the target. T
measured thick target satellite yields were converted i
their respective thin target values by the use of correct
factor, which can be written as
Fcorr5
sKL1

SCA
~E0!/sKL0

SCA
~E0!

*0
RsKL1

SCA
„E~x!…exp~2mKL1

x!dx/*0
RsKL0

SCA
„E~x!…exp~2mKL0

x!dx
, ~1!
of
-
nd
e

wheresKL0 andsKL1 are the ionization cross sections for th
KL0 andKL1 state, respectively,E(x) is the proton energy
as a function of penetration depth,E0 is the proton impact
energy, R is the range of protons, andm is the x-ray-
absorption coefficient in the Si target. We have used cr
sections calculated within the independent electron mo
incorporating singleK- and L-shell ionization probabilities
ss
el

calculated with the semiclassical approximation~SCA!. The
E(x) function was calculated using the stopping powers
Ziegler and Manoyan@18# and the x-ray attenuation coeffi
cients for Si were obtained from the tables of Thinh a
Leroux @16#. The final thick target correction factors for th
KL1 satellite yield relative to theKa diagram line are tabu-
lated together with the finalKL1 vacancy yield in Table III~a
3-3
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TABLE I. Energies and relative intensities of the three main components (a8, a3 , anda4) within the
KaL1 satellite and the total overall intensity of theKaL1 line relative to theKa diagram one.

Ep51 MeV Ep52 MeV Ep53 MeV Average

E(a8) ~eV! 1746.660.1 1746.560.1 1746.660.1 1746.5760.03
E(a3) ~eV! 1751.260.1 1751.060.1 1751.160.1 1751.1060.06
E(a4) ~eV! 1753.560.1 1753.360.1 1753.560.1 1753.4360.07
Yr(a8) ~%! 2.760.3 3.660.3 2.860.3 3.060.3
Yr(a3) ~%! 68.360.9 67.160.9 66.460.9 67.360.6
Yr(a4) ~%! 29.060.8 29.360.8 30.860.8 29.760.6

Y (KL1/KL0) ~%! 18.661.0 13.260.7 8.560.8
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3.1% correction due to absorption in mylar and crystal
flectivity is already incorporated in the tabulated values!.

IV. RESULTS AND DISCUSSION

The energies and relative intensities of the three m
components within theKaL1 and KaL2 satellite lines and
the overall intensities of both satellites relative to theKa
diagram line determined from the fitting procedure are giv
in Tables I and II. Tabulated are the values for each of
three proton energies used for target excitation. From
tabulated values we can see that the energies and rel
intensities of the fine-structure components within each
ellite line do not depend on the energy of proton excitati

A. Energies

Our measuredKaL1 satellite energies can be compared
the theoretical values presented in the paper of Deutsch@19#.
Deutsch has calculated the averageKaL1 satellite energy
shift from the center of theKa diagram line for atoms hav
ing 10<Z<32. His calculations employing nonrelativist
Hartree-Fock energies yielding 10.8 eV for the SiKaL1 line.
In his work, he has also presented values calculated with
hydrogenic analytical model of Burchet al. @20# using both
Hartree-Fock derived and Slater-rule screening consta
These two types of screening yield values of 15.5 and 1
eV, respectively. The Burch analytical model has been
tended by Bhattacharyaet al. @21# using the self-consistent
field functions. Bhattacharya is giving 12.5 eV for Si, whic
is closest to our experimental value 11.9 eV. Therefore, g
agreement between the Bhattacharya theoretical values
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experimental values measured by photons, electrons,
ions @19# has been confirmed also by our measureme
Deutsch is claiming that the Hartree-Fock~HF! calculations
agree with experiments up toZ516. Our measured value
shows that already byZ514 the HF value underestimate
the experimental one.

B. Intensities

Relative intensities of the components within theKaL1

and KaL2 satellites are given in Tables I and II. Our me
sured value ofYr(a4)/Yr(a3), which is 0.4460.01, is in
agreement with the value obtained by Mauronet al. @22#.
They have measured the photo inducedKaL1 satellite line
and obtained 0.45260.006. For theKaL2 satellite line, no
values for the relative intensities were found in the literatu

Besides relative intensities of the main components wit
each satellite line, also overall intensities of the satellite lin
relative to the parentKa diagram line are given in Tables
and II. Since these values directly reflect theL-shell ioniza-
tion probability in near-central collisions of protons with ta
get atoms, they depend on the energy of the protons use
excitation. In this work, we have used the totalKaL1 satel-
lite intensities to extract directL-shell ionization probabili-
ties for the measured collisions. Since the satellite lines
be produced either by direct ionization due to Coulomb
teraction of electrons with protons or by the shake proce
our measured satellite lines incorporate both contributio
In order to obtain directL-shell ionization probabilities, the
measured intensity needs to be corrected for the shake
tribution. In the recent work of Mauronet al. @22#, they have
TABLE II. Energies and relative intensities of the three main components~denoted simply asA, B, and
C) within the KaL2 satellite and the total overall intensity of theKaL2 line relative to theKaL1 satellite
one.

Ep51 MeV Ep52 MeV Ep53 MeV Average

E(KaLA
2) ~eV! 1762.860.3 1762.760.3 1762.862.4 1762.7560.04

E(KaLB
2) ~eV! 1763.861.0 1763.660.6 1763.760.7 1763.6760.05

E(KaLC
2 ) ~eV! 1767.260.3 1767.060.3 1767.260.6 1767.1160.07

Yr(KaLA
2) ~%! 18.362.7 15.862.4 18.162.7 17.360.8

Yr(KaLB
2) ~%! 50.267.5 49.867.5 49.667.5 49.960.2

Yr(KaLC
2 ) ~%! 31.563.2 34.463.1 32.363.3 32.860.9

Y (KL2/KL1) ~%! 5.360.8 4.360.6 3.960.6
3-4
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TABLE III. Thick target correction factor, x-ray yield ratios, initial vacancy yield ratios, and sin
L-shell electron direct ionization probabilities for the measured near-central collisions.

Fcorr X(KaL1)/X(KaL0) I (KL1)/I (KL0) pL ~units of 1022)

Ep51 MeV 0.791 10.2%60.6% 10.6%61.7% 1.3160.21
Ep52 MeV 0.834 6.2%60.3% 6.4%61.0% 0.7960.13
Ep53 MeV 0.907 2.5%60.2% 2.6%60.5% 0.3260.06
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measured the intensity of the SiKaL1 shake satellite to be
5.72% relative to theKa diagram line. This value has bee
subtracted from ourKaL1 satellite intensity in order to ob
tain direct ionization contribution solely. Since no data ab
the KaL2 shake satellite were found, we have omitted t
KaL2 satellite in the extraction of the directL-shell ioniza-
tion probabilities induced in measured collisions.

First of all we needed to deduce the primary vacan
yield from the measured x-ray yields. The satellite line
tensities are related to the primary vacancy yields by
following equations:

X~KaL0!5@ I ~KaL0!1RI~KaL1!#vKa
0 , ~2!

X~KaL1!5@ I ~KaL1!~12R!#vKa
1 , ~3!

where X denotes the x-ray satellite line intensity,I is the
initial vacancy yield, andvKa is the partial fluorescenc
yield for theKa transition. The factorR is the rearrangemen
factor which gives the probability that theL-shell vacancy in
the atom has been promoted to a higher shell within
lifetime of the KL ionized state. The rearrangement fac
for the L shell can be written as

R5 (
2s,2p

w2s,2p

G2s,2p
Aug 1G2s,2p

rad

G2s,2p1GK
, ~4!

whereGK andG2s,2p represent the total widths for theK shell
and 2s,2p subshells, respectively.GAug,rad represent the Au-
ger and radiative widths and thew2s,2p weighting factors
reflecting the probability that theL-shell vacancy has bee
created either in a 2s or 2p subshell. According to the SCA
calculated 2s and 2p single-electron ionization probabilities
we can setw2s andw2p to 0.256 and 0.744, respectively. Th
G2s,2p level widths were taken to 0.9 and 0.05 according
Campbell and Papp@23#. The Auger widths for the 2s and
2p subshells were taken to 0.04 and 0.05@24#, whereas the
radiative widths for the 2s,2p subshells can be neglecte
The GK value in Eq.~3! needs to be corrected due to a
additional L-shell vacancy present in the atom during t
deexcitation process. TheGK level width from Campbell and
Papp~0.425 eV! has been corrected according to the pro
dure explained in@25#, yielding the value 0.320 eV. Using
these values, Eq.~4! yields 0.10960.033 for the rearrange
ment factor. The error of the rearrangement factor has b
calculated taking into account 15%, 10%, and 30% unc
tainties for theGK , G2s , andG2p level widths according to
Campbell and Papp@23#. The uncertainties for theG2s

Aug and
G2p

Aug have been estimated to 30%.
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In order to finally obtain the primary vacancy yield a
cording to Eqs.~2! and~3!, we need also the partial fluores
cence yield for theKa transition in doubly ionized atoms
We have used values calculated by Tunnel and Bhalla@26#.
They are giving 0.053 for the singly 1s ionized Si atom and
0.065 and 0.057 for the 1s2s and 1s2p ionized Si atom. It is
important to notice that Tunnel and Bhalla are giving to
K-shell fluorescence yields whereas we are dealing with p
tial yield for theKa transition only. Since theKa radiative
transition represents 98.3% of the totalGK

rad @27#, we can
simply equal the partialKa and totalK fluorescence yields
using the original values from Tunnel and Bhalla. In order
obtainvKa

1 fluorescence yield for theKL1 ionized state used
in Eq. ~3!, we need to know the relativeL-shell vacancy
population among the 2s and 2p subshells at the moment o
Ka x-ray emission. According to the procedure presented
@25#, we have obtained 0.07 and 0.93 for the relative vaca
population of the 2s and 2p subshell yielding the finalvKa

1

value of 0.058. Using the calculatedR, vKa
0 , andvKa

1 values
we have extracted the primaryKL1 vacancy yields from the
measuredKaL1 x-ray yields according to Eqs.~2! and ~3!.

Within the independent electron approximation, theKLN

primary vacancy yield can be written as

I ~KLN!}S 8
ND pL

N~12pL
N!82N, ~5!

wherepL is the single-electron ionization probability for th
near-zero impact parameter averaged over theL subshells.
Using Eq.~5!, one can expresspL as a function of the initial
yield ratio

I ~KL1!

I ~KL0!
5

8pL

~12pL!
⇒pL5

I ~KL1!/I ~KL0!

81@ I ~KL1!/I ~KL0!#
. ~6!

The final KL1 vacancy yields extracted from the measur
KaL1 x-ray yields and the average singleL-shell electron
ionization probabilities calculated according to Eq.~6! are
tabulated in Table III.

Among the theories that describe ionization by charg
projectiles and employ a quantum description of the ato
only the SCA allows calculation of the ionization probabi
ties as a function of impact parameter. In the present stu
we calculated the direct ionization probabilities according
the first-order SCA model of Trautmann and Ro¨sel ~IONHYD

code! @28,29#. The latter employs classical hyperbolic traje
tories and uses hydrogenlike Dirac electron wave functio
The effective charge of the target atom was calculated
cording to the method of Slater to account for screening
3-5
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fects. Binding energies of the separated atom model w
employed. Multipoles up to the orderl 55 were considered
in the calculations. Usually the ionization probabilities f
near-central collisions obtained from satellite measurem
are compared to the theoretical values calculated at s
effective impact parameter (beff), which in the case ofKL
ionization is chosen so that thepK(b)beff is maximized. In
our calculations,beff was set to 4000 fm.

Besides the SCA calculations, the direct ionization pro
abilities for the measured collisions have been calcula
also with the three-body classical trajectory Monte Ca
model ~CTMC!. The three-body, three-dimensional CTM
calculations were performed as described in@30# and @31#.
The calculations incorporated the bare projectile, an ac
atomic electron, and the remaining ion. For the description
the interaction between them, a potential model based
Hartree-Fock calculations as developed by Green@32# was
used. The initial parameters were the same as those d
oped by Reinhold and Falcon@33#. They were chosen ran
domly at relatively large internuclear separations, where
interaction between the projectile and the target atom is n
ligible. The initial conditions were set from the ensemb
which is constrained to an initial binding energy of th
L-shell target electron. For the given initial paramete
Newton’s equations of motion were integrated with resp
to time as an independent variable by the standard Ru
Kutta method until large separations of the colliding partic
were attained. For each investigated collision, 20 000 in
vidual trajectories were calculated.

Another possibility to calculate direct ionization pro
abilities at near-zero impact parameter is the geometr
model~GM! of Sulik et al. @34#, which is based on the binar
encounter approximation. In the GM approach, we cons
a projectile at a velocity higher than the orbital electron v
locity passing through the target atom along a straight lin
zero impact parameter. The energy transferred to the ta
electron is a unique function of the projectile-electron imp
parameter defining a cylinder around the projectile traject
in which the target electron acquires the amount of ene
needed for ionization. The probability of ionization is simp
given as the charge-density fraction of one electron cut
by the cylinder. TheL-shell direct ionization probabilites o
interest were also computed with the geometrical model
corporating the hydrogenic single-electron density distri
tions.

A comparison of experimental values with the theoreti
curves is presented in Fig. 3. As expected, the SCA mo
employing a quantum description of theL-shell electrons
yields values closest to the experimental ones but still un
estimates them, which is probably a consequence of u
the hydrogenic wave functions for the 2s,2p electrons as
pointed out in@12#. The CTMC values as well as the GM
ones reproduce the energy dependence but overestimat
experimental results quite a bit.

V. SUMMARY AND CONCLUSION

The SiKaL1,2 satellites induced in collisions with 1-, 2
and 3-MeV protons have been measured with the hi
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resolution crystal spectrometer in Johannsson geometry.
perimental energy resolution below the natural linewidth
the SiKa line enabled us precisely to determine the energ
and relative intensities of the three main components
could be resolved within each satellite line. It has been de
onstrated that the latter do not depend on the proton ene
furthermore, the equivalence with the photon-induced sp
tra has been suggested. The total overall intensities of
KaL1 satellite line have been used to extract the sing
electron direct ionization probabilities averaged over
threeL subshells induced in near-central collisions with pr
tons. The experimental values have been compared to
theoretical values calculated within the semiclassical~SCA!
model, the three-body classical trajectory Monte Carlo c
culation ~CTMC!, and the geometrical model incorporatin
the classical binary encounter collision model.

The measured energies of thea8, a3 , anda4 lines within
the KaL1 satellite support the calculation of Bhattachar
et al. @21#, whereas our values show that already forZ514
the HF calculation of the satellite energy underestimates
experimental one. Comparison of the ionization probabilit
with the theoretical values favors the SCA calculation ov
the CTMC and GM model, even though the SCA also und
estimates the measured values.
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FIG. 3. SingleL-shell electron direct ionization probabilities fo
the near-zero impact parameter as a function of the proton ene
The experimental data are compared with the calculations wi
the SCA model@28,29#, the CTMC model@30,31#, and the GM
model @34#.
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