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Scattering of sulfur ions by carbon: Classical-trajectory Monte Carlo results
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We analyze classically the scattering of sulfur ions by carbon using the classical-trajectory Monte Carlo
method. It is assumed that the scatterer and scattered nuclei are coupled to each other as well as to all electrons,
but there is no coupling between electrons themselves. To initialize the state of both atoms, quasiexact energies
are used that are obtained from the Dirac-Fock method. Effective charges are used to partially take into account
the intra-atomic interactions between electrons. We concentrate on the cross sections for production of vacan-
cies in theK andL shells and capture of electrons toK, L, andM shells of the sulfur ions. The dependence of
these cross sections on the energy of the projectile sulfur ions and on the initial charge states of these ions is
analyzed. Our results will be helpful in the interpretation of x-ray spectra from highly ionized fast sulfur
projectiles passing through a carbon foil.
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I. INTRODUCTION

It seems to be quite obvious that the knowledge of sc
tering cross sections for ionization, excitation, and capt
processes is of great importance for the interpretation of
x-ray spectra of various elements used as projectiles and
get atoms. Theoretical analysis of collisions of heavy ato
is, in general, very difficult because of their inevitably man
body character. There exist a variety of methods to comp
the cross sections for collisions of this type. One of them
called the classical-trajectory Monte Carlo~CTMC! method
invented in the papers by Abrines and Percival@1–3#. It has
been further developed, in particular, by Olson and
groups@4–10# as well as by Cohen@11,12# and others, see
e.g., @13,14#. Interesting modifications of the CTMC hav
been proposed in@15# and @16# based on the Kirschbaum
Wilets @17# quasiclassical theory of atoms.

Application of classical or quasiclassical methods to
description of atomic scattering requires some justificati
The excuse is related to the fact that the full quantum an
sis of such many-body processes involving multichan
scattering is still beyond our possibilities even in the nonr
ativistic domain. On the other hand, the reliability of th
classical description for some regions of characteristic
rameters is quite well known since the amazing succes
the simple fully classical Gryzinski treatment—see, e
@18#—of ionization cross sections of both few- and man
electron atom scattering~the agreement with experiment i
the case of capture cross sections is much less impres
see@19#!. The CTMC simulations brought the refinement
approaches of this kind since the many-body interactions
correlations have been explicitly taken into account, at le
in part ~within the classical physics framework!. It is to be
noted, however, that every fully classical model of a ma
electron atom suffers the instability problems. Even for th
electrons in the atom, it is quite difficult to find such initi
conditions for the positions and momenta of electrons t
the ‘‘autoionization’’ due to the collisions of electrons do
1050-2947/2003/67~1!/012713~10!/$20.00 67 0127
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not take place. For many-electron systems there exist s
manifolds of initial conditions such that an electron may e
cape to infinity in a finite time. The simplest possible way
overcome this difficulty—adopted in this paper—is to n
glect the interaction between electrons. More precisely, in
total Hamiltonian of the system consisting of two atom
there are no terms corresponding to interelectron poten
energy. However, the initial energies of all electrons are ‘‘e
act,’’ that is, either taken from experiments or calculated
ing accurate quantum-chemical methods. The interaction
tween electrons, while not present in the Hamiltonian,
partially taken into account by ascribing an effective cha
to each electron. Simulations based on this idea can be ca
CTMC with effective charges~CTMC-EC!. This is of course
a very crude approximation. We have attempted to jus
such an effective-charge approach by performing prelimin
test simulations for smaller systems, for which both relia
experimental and theoretical quasiclassical results are a
able. Let us notice in this connection that the authors of@17#
proposed a quasiclassical approach which can be use
overcome the instability problem: a momentum-depend
potential is added to the Hamiltonian that enforces the e
trons to obey approximately the uncertainty relations and
Pauli exclusion principle. Upon minimization of the Hami
tonian with respect to the location of atomic electrons in
phase space, surprisingly good results can be obtained fo
ground-state energies of atoms, comparable to the Hart
Fock energies@11#. However, the scattering cross sectio
for light atomic collisions obtained by Cohen in@12# do not
seem superior with respect to the standard~i.e., not involving
interelectron interactions! CTMC results. On the other hand
the so-called CTMC-EB method~CTMC with energy
bounds! developed in that paper seems to be very promisi
In an another interesting paper@13#, a method to deal with
few-electron systems with the help of effective semiemp
ical central~but not Coulombic! potentials, and an additiona
three-body potential, has been developed. In this work, h
©2003 The American Physical Society13-1
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TABLE I. Orbital energies of electrons~in a.u.! in the ground state of carbon atom and the ground sta
of sulfur ions of various charges.

Atom Charge Configuration Orbital Orbital energy

1s 11.3519
Carbon 0 1s22s22p2

2 2s 0.7169
2p2 0.3897
1s 98.5655

Sulfur 17 1s22s22p2
2 2p3 2s 14.3732

2p2 12.2661
2p 12.2481
1s 103.7448

Sulfur 19 1s22s22p2
2 2p1 2s 17.8934

2p2 16.2592
2p 16.3108
1s 109.5838

Sulfur 111 1s22s22p2
1 2s 21.7414

2p2 20.7975

Sulfur 113 1s22s1 1s 115.6061
2s 25.9836

Sulfur 114 1s2 1s 118.5572
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ever, we would like to apply the most standard CTM
method to begin with.

One of the peculiarities of the present paper is that
have been interested in ionization of, and charge tran
from, the sulfur ion, which is a projectile. Naturally, we ma
just change the reference system to consider the sulfur io
the target. Although the atoms and ions under considera
are already many-electron systems, they can still be d
with using the nonrelativistic methods. We have checked
the velocities of electrons~even those closest to the nucleu!
never become larger than 10% of the velocity of light.

The main body of this work is organized as follows.
Sec. II, we provide a very brief description of the CTM
approach. In Sec. III, we attempt to justify the usefulness
the effective-charge approach to the scattering of fe
electron systems by comparing our CTMC-EC results ba
on effective charges with experimental ones obtained
Shah, Elliott, and Gilbody@20,21# and DuBois@22#, and with
theoretical ones by Cohen@12#. Section IV is devoted to the
presentation of our main results for collision processes
volving sulfur ions and carbon atoms.

II. CTMC METHOD

In this section, we summarize the most essential featu
of the CTMC method following mainly@4#, @7#, and @11#.
This is to make the paper reasonably self-contained. Ev
CTMC simulation contains three essential steps:~i! choosing
the initial conditions,~ii ! integration of Hamilton’s equation
of motion for both nuclei and electrons, and~iii ! testing
asymptotic trajectories for final states. Regarding step~i!,
one has to choose six initial values of position and mome
for each electron sampled, in the simplest version of CTM
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from a microcanonical ensemble corresponding to prescri
energies of electrons. In our case, the energy of each elec
has been calculated by us using the Dirac-Fock method.
the energies~in atomic units! necessary in our paper are co
tained in Table I~a ‘‘–’’ below the 2p subshell symbol indi-
cates thatj 5 l 2 1

2 ; otherwisej 5 l 1 1
2 ).

It is customary in CTMC to use the mean anomalya,
eccentricity e, known from celestial mechanics, and thr
angular variablesf, u, andc, which are the Euler angles, a
auxiliary variables to express initial values of positions a
momenta. The former quantities are all sampled—separa
for each electron—from uniform distribution with 0<a
,2p, 0<e2,1, 0<f<2p, 21<cosu<1, and 0<c
<2p. With the help of the mean anomaly and eccentric
we obtain the eccentric anglej by solving the equation

a5j2e sinj. ~1!

The Kepler equation can be solved just by iteration w
satisfactory accuracy. We then obtain the following init
position and momentum of each electron related to its o
nucleus:

X05A~f,u,c!X0
0 , ~2!

P05A~f,u,c!P0
0 , ~3!

where

X0
05S 0

@ZeZN /~2Ue!#~12e2!1/2sinj

@ZeZN /~2Ue!#~cosj2e!
D , ~4!

while A(f,u,c) is the Euler rotation matrix given by@23#
3-2
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A5S sinf cosu cosc1cosc sinc 2sinf cosu sinc1cosf cosc sinf sinu

2sinu cosc sinu sinc cosu
D . ~5!
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A discussion of other possible conventions for the rotat
matrix is discussed, e.g., in@24#. In Eq. ~4!, Ue denotes the
energy of an electron with respect to the nucleus to whic
is initially bounded. The variableZe is the effective charge o
the electron~in a.u.! while ZN is the charge of the nucleus
Similarly, we have forP0

0,

P0
05S 0

~2mUe!
1/2~12e2!1/2cosj/~12e cosj!

2~2mUe!
1/2sinj/~12e cosj!

D . ~6!

To obtain the initial relative motion, we only need
specify the impact parameterb; it is to be sampled from the
uniform distribution on the interval (2bmax,bmax), where
bmax is such a value of the collision parameter that the p
cess of interest does not hold for impact parameters la
thanbmax. The initial values of relative velocities have bee
taken by us from a related scattering experiment in wh
x-ray spectra have been measured. It is to be noticed tha
every scattering channel, the parameterbmax has had to be
different.

The dynamics of the system is governed by the follow
Hamiltonian function:

H5(
i 51

2 Pi
2

2Mi
1(

j 51

k pj
2

2me
2(

i 51

2

(
j 51

k
ZN,iZe, je

2

ur j2Ri u
1

ZN,1ZN,2e
2

uR12R2u
,

~7!

wherePi , i 51,2 are the momenta of nuclei,Mi , i 51,2 are
their masses,pj , j 51,k are the momenta ofk electrons,me
is the electron mass,Ri and r j are positions of nuclei and
electrons, respectively,ZN,ie are the charges of nuclei, whil
2Ze, je are effective charges of electrons, specified below
all, we have worked in the reference frame in which one
the nuclei, namely the carbon atom, is at rest at the timt
50.

To integrate the Hamilton equations of motion, step~ii !,
we have used~and compared! severalFORTRAN packages
obtaining similar ~actually, almost identical! results from
them. The following algorithms have been used: the Mer
algorithm, the Adams-Bashforth-Moulton predicto
corrector, and the Runge-Kutta-Fehlberg fifth-order formu
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However, we encounter quite considerable problems h
since the time step has had to be extremely small, of
order of 1026 a.u., in order to ensure the full reversibility o
the dynamics and satisfactory conservations of the total
ergy and total angular momentum. This is rather understa
able since the electrons in, say,K andL shells of sulfur differ
in their energies by one order of magnitude, while the ene
of K-shell electrons in carbon is still two orders of magnitu
smaller. In connection with it, we plan to use in our furth
research some specialized algorithms developed to s
N-body problems~cf., e.g.,@25,26#! after necessary modifi
cations for the presence of both attraction and repulsion.

In stage~iii !, we have had to find whether a particul
electron has been ionized, captured, excited, or left with
change by the collision process. This has been done
checking the final energy of a given electron with respec
both nuclei as well by checking the final distances betwe
electrons and nuclei~cf. Fig. 1 of @11#!.

To each electron we have ascribed an effective chargeZe,i
~where the indexi labels the electrons! such that the expres
sion Ze,iZN/(2uUe,i u)1/2 ~where ZN5ZN,sulfur or ZN
5ZN,carbon, and Ue,i has been approximated by an orbit
energy from Table I! has given the correct principal quantu
number in the one-electron approximation for noninteract
atoms. After the collision process, we have computed
‘‘classical’’ principal quantum numbers according to the fo
mula

nc,i5Ze,iZN /~ u2Ue,i u!1/2 ~8!

provided that the electron energy~calculated with respect to
a given nucleus! is smaller than zero. In the above equatio
Ue,i denotes the final binding energy of thei th electron.

With this ‘‘classical’’ principal number a quantum numbe
ni has been associated according to the prescription@7#

@~ni21!~ni2
1
2 !ni #

1/3<nc,i<@~ni~ni1
1
2 ~ni11!#1/3.

~9!

This quantum number determined the final state of each e
tron if it had been in a bound state with respect to one of
nuclei.
f the
TABLE II. Cross sections for the single ionization of helium by a proton for various initial energies o
projectile, in units of 10217 cm2.

Energy~MeV/amu! Experimental@20# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 8.3260.13 6.6660.20 3.6160.39 5.5060.49 7.8760.73
0.10 8.4360.18 6.3260.19 4.1560.18 5.9860.5 7.7260.30
0.20 6.9360.17 4.0160.15 4.1360.36 6.2060.48 6.9160.53
3-3
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TABLE III. Cross sections for the double ionization of helium by a proton for various initial energie
the projectile, in units of 10219 cm2.

Energy~MeV/amu! Experimental@20# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 10.5761.01 43.8464.61 3.9661.72 4.7761.99 6.0761.82
0.10 9.6161.03 28.9863.48 4.9561.63 8.8062.15 7.1661.97
0.20 5.6060.17 13.0962.36 3.3061.34 12.7863.04 8.2762.11

TABLE IV. Cross sections for the process of charge transfer of an electron from the helium atom
proton, in units of 10217 cm2.

Energy~MeV/amu! Experimental@20# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 4.6560.23 2.7960.14 1.8560.29 2.6460.35 4.6260.53
0.10 2.7260.10 1.2960.09 1.3460.11 2.0260.31 2.8060.16
0.20 0.36560.004 0.13160.024 0.2660.11 0.1860.09 0.3160.11

TABLE V. Single ionization cross sections for the scattering of a fully stripped helium ion by the he
atom, He1He21→He11He211e, in units of 10217 cm2.

Energy~MeV/amu! Experimental@20# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 15.2560.26 11.7060.47 3.2961.15 6.5361.45 19.0060.87
0.10 18.5060.21 14.6160.51 4.9460.51 8.3661.16 19.4261.81
0.20 20.2060.30 13.6360.43 8.9760.45 13.7260.92 18.1361.09
0.40 15.1460.21 7.7660.29 8.0660.59 10.8860.60 12.3360.45

TABLE VI. Double ionization cross sections for the scattering of a fully stripped helium ion by
helium atom, He1He21→He211He2112e, in units of 10218 cm2.

Energy~MeV/amu! Experimental@20# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 3.6660.41 16.6061.40 0.4960.35 2.7261.01 0.2560.25
0.10 5.4060.34 35.0062.26 2.9760.91 4.4561.14 2.1060.74
0.20 6.5360.21 22.9861.78 6.3560.91 7.3060.96 4.9060.67
0.40 3.1160.11 5.4960.67 6.6860.97 6.4961.02 4.0060.48

TABLE VII. Single-capture cross sections for the scattering of a fully stripped helium ion by the he
atom, He1He21→He11He1, in units of 10217 cm2.

Energy~MeV/amu! Experimental@20# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 15.1060.30 11.0660.43 16.2561.15 19.0061.45 16.0360.87
0.10 11.5060.14 6.7260.33 13.4461.07 14.3561.24 10.8661.31
0.20 2.6060.02 0.5660.08 3.3460.43 3.7160.52 2.2560.43
0.40 0.30960.007 0.05660.017 0.5960.17 0.4160.14 0.2260.07
012713-4
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TABLE VIII. Cross sections for the ionization-capture reaction in the scattering of a fully stripped he
ion by the helium atom, He1He21→He211He11e, in units of 10217 cm2.

Energy~MeV/amu! Experimental@20# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 2.8960.06 4.8160.26 1.1960.17 1.7660.21 1.7260.21
0.10 2.3660.02 3.2260.21 1.4860.19 2.0560.23 1.7860.21
0.20 0.51860.005 0.2060.03 0.7060.10 0.7260.10 0.5260.06
0.40 0.042760.0026 0.03460.024 0.1460.04 0.1460.04 0.0860.02

TABLE IX. Double-capture cross sections for the scattering of a fully stripped helium ion by the he
atom, He1He21→He211He, in units of 10218 cm2.

Energy~MeV/amu! Experimental@22# CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 26.9461.92 6.4361.27 7.6761.55 6.6561.39
0.10 13.5 9.2961.06 2.9760.84 3.4660.97 6.1961.33
0.20 0.06860.048 0.3160.12 0.3160.12 0.1360.08
e-
b

Li

g

ial
TABLE X. Cross sections for the single ionization with singl
capture reactions in the scattering of a fully stripped helium ion
the lithium atom, Li1He21→Li11He11e, in units of
10218 cm2.

Energy~MeV/amu! Experimental@21# CTMC-EC

0.075 27.864.2 16.0261.34
0.410 1.2260.10 0.4260.17
0.547 0.3960.13 0.08860.062

TABLE XI. Single-capture cross sections~no ionization! for the
scattering of a fully stripped helium ion by the lithium atom,
1He21→Li11He1, in units of 10217 cm2.

Energy~MeV/amu! Experimental@21# CTMC-EC

0.075 9.3960.62 8.1860.40
0.410 5.8660.42 2.1460.41
0.547 0.22560.014 0.048460.0144

TABLE XII. Double ionization cross sections for the scatterin
of a fully stripped helium ion by the lithium atom, Li1He21

→Li211He2112e, in units of 10218 cm2.

Energy~MeV/amu! Experimental@21# CTMC-EC

0.410 3.9560.20 3.8060.53
0.547 2.8860.24 2.5560.47
01271
y

FIG. 1. Cross sections for the ionization of theK shell of the
sulfur ion with initial charges17, 19, 111, 113, and114, for
various initial energies of the projectile, in units of 1024pa0

2.
1024pa0

250.879 735310220 cm2.

FIG. 2. Cross sections for the electron transition from theK to L
shell of the sulfur ions for various initial charges and various init
energies of the projectile, in units of 1024pa0

2.
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The cross sectionsO for a processO, whereO is either
vacancy or capture, is given in CTMC by the expression

sO5
NO

Ntot
pbmax

2 , ~10!

whereNO is the number of times the processO occurred and
Ntot is the total number of trajectories run. The statistic
error dsO is given by

dsO5sOANtot2NO

NONtot
. ~11!

III. CTMC-EC, QUASICLASSICAL SIMULATIONS, AND
EXPERIMENTAL RESULTS FOR SCATTERING

OF FEW-ELECTRON SYSTEMS

We have performed some preliminary simulations to co
pare the simple-man approach~CTMC-EC! based on ascrib
ing an effective charge to each electron with quasiclass
ones based on the Kirschbaum-Wilets effective Hamiltoni
which partially takes into account the uncertainty princip
and exclusion principle as well as with Cohen’s CTMC-E
simulations, in which the dynamics of every electron a
constrained by a specially chosen potential which guaran
that the electron energy cannot be too small~hence the
‘‘autoionization’’ cannot happen!. For each entry in the fol-
lowing tables we have performed simulations using 50
trajectories. In Table II, we show the cross sections for sin
ionization of a helium atom by protons for several energ
of the projectile.

The latter three columns in Table II refer to three grou
of results obtained by Cohen using two variants of
Kirschbaum-Wilets approach and Cohen’s own CTMC w
energy constraints~cf. @12# for the details!. Table III contains
cross sections for the double ionization of helium by a pro
for several initial velocities of the projectile.

In Table IV, we provide the comparison of experimen
and various theoretical results for the single-electron cha
transfer from helium to proton.

As a further check of performance of the effective-cha
approach, we have also simulated the scattering of ana par-
ticle by helium atoms. Tables V–IX contain comparison
various theoretical and experimental results for single
double ionization, single and double electron capture, as
as the ionization-capture reaction.

Let us notice that the processes for which the cross
tions are described in Tables V and VIII are different: t
first one consists in the single ionization of a helium atom
thea particle. In the second process, we have the captur
one electron from the helium atom by thea particle with the
accompanying ionization of the second electron. Thus, in
first process one electron remains with the target atom, in
second process it is the projectile which has one elec
more, while the target atom is fully stripped after the co
sion.

Tables X–XII contain several cross sections for some
actions in the scattering ofa particles by lithium, for which
we do not know the CTMC-KW or CTMC-EB results, s
01271
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that only the experimental and our CTMC-EC results a
given.

From the above tables, one might conclude that the ag
ment of existing classical or quasiclassical and experime
results in the scattering of light atoms cannot be called v
good. However, the former give at least a good estimate
the orders of magnitude, and provide a correct qualitat
picture of how the cross sections change with the energ
projectiles. What is somewhat surprising about the ab
results is that the Kirschbaum-Wilets quasiclassical simu
tions do not offer any systematic improvement over t
effective-charge approach which completely neglects b
interelectron interactions and the quantum-mechanical un
tainty and exclusion principles—such an improvement is v
ible only for very large energies of the projectile. On th
contrary, we can see in the above tables that the effect
charge simulations can sometimes provide better results~i.e.,
closer to experimental ones! than the Kirschbaum-Wilets
simulations. The advantage of the latter is conceptual ra
than practical; by that we mean that they form one of the fi
attempts to go beyond the simplest formulations of CTMC
scattering processes, including all the interactions and s
quantum features. It seems to us that the above tables
vide justification to our belief that ignoring the interelectro
interactions~or taking them into account only via consta
effective charges! does not lead to catastrophic cons
quences. However, the procedures applied here can onl
considered as a first step toward reliable semiclassical si
lations of complicated multielectron systems, and our res
need to be viewed with considerable skepticism, especi
for large velocities of the projectiles. Let us finally mentio
that a simple approach with effective charges ascribed
every electron has been recently advocated by Berakdar@27#
in his work devoted to an approximate solution to the ma
particle Schro¨dinger equation.

IV. RESULTS AND DISCUSSION

We have obtained the cross sections for six different
ergies of the projectile~22.4 MeV, 32.0 MeV, 38.4 MeV, 67.2
MeV, 99.2 MeV, and 121.6 MeV! corresponding to experi
mental conditions of scattering of sulfur ions on the carb
foils @28,29#. The incident sulfur ions in these experimen
have had the initial charge17, 113 and 114 electron
charges. To obtain more representative picture of the un
lying processes we have performed our simulations addit
ally for the ion charges19 and111. All sulfur ions with the
above charges have their electrons in eitherK or L shells, so
that only for these shells is the cross section for vaca
~appearance of hole! meaningful. The vacancies inK andL
shells can appear due to ionization of a sulfur ion or exc
tion of this ion, or, finally, due to the capture of an electr
by the carbon atom. Let us notice that in our classical p
cedure we could track processes which are not distingu
able from the quantum-mechanical point of view. This mea
that, since classical particles are distinguishable, we co
follow the motion, and establish the final state, of every
dividual electron.
3-6
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SCATTERING OF SULFUR IONS BY CARBON: . . . PHYSICAL REVIEW A 67, 012713 ~2003!
A. Cross sections for transitions from theK shell

In Figs. 1–4, we have placed our results for the cr
sections corresponding to the processes of ionization and
citation for theK electrons of a sulfur ion. The key insid
each figure refers to the points and vertical lines associ
with the corresponding error bars. The lines which join t
points do not have any independent meaning.

Each entry in the above figures is a result of sampling
6000 simulations. It is to be noted that for low initial ener
of the projectile~up to 38.4 MeV! the transition probabilities
for all processes involvingK electrons are small, or ver
small. Indeed, the cross sections for ionization, and for tr
sitions to higher-than-L shells up to the energy 38.4 MeV
are, at best, only of qualitative value, since there have b
only very few transitions and the statistical errors are of
same order as the values themselves. Nevertheless, we
observe quite pronounced trends in changes of cross sec
with the initial energy of the projectile. As one might expe
the cross sections grow with this energy. For too small
locity of the projectile, the transfer of energy to theK elec-

FIG. 3. Cross sections for the electron transition from theK
shell to higher-than-L shells for various initial charges and variou
initial energies of the projectile, in units of 1024pa0

2.

FIG. 4. Cross sections for the electron capture from theK shell
of the sulfur ion to the carbon atom for various initial charges
and various initial energies of the projectile, in units of 1024pa0

2.
01271
s
x-

ed
e

f

-

en
e
can
ns

,
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trons is insufficient to cause any remarkable change in t
state, except of the transfer to the carbon atom; even
cross sections for theK-to-L excitation are small. It is to be
observed that the cross section for the capture to the ca
atom is larger than any other cross sections related tK
electrons for all energies of the projectile we investigat
But the transition probabilities even for this process ne
exceeded 0.25 for any impact parameter. Also, we obse
that while the ionization~and, to a lesser extent, the excit
tion cross sections! grow quite rapidly with the projectile
energy, the electron-transfer cross section exhibits the
dency to saturate and even starts to decrease for very l
velocities, remaining, however, the largest of all cross s
tions. This behavior is to be expected from the general ch
acteristics of scattering processes in ‘‘small’’ and ‘‘interm
diate’’ regions of the projectile energy, cf.@30#. Of course,
the projectile energies involved here are small or interme
ate only in relation to the large binding energy of theK-shell
sulfur electrons. We also infer from the above figures t
with increasing initial charge of the sulfur ions the cro

f

FIG. 5. Cross sections for the ionization of theL shell of the
sulfur ions for various initial charges and various initial energies
the projectile, in units of 1022pa0

2.

FIG. 6. Cross sections for the electron transition fromL shell to
K shell of the sulfur ions for various initial charges and vario
initial energies of the projectile, in units of 1022pa0

2.
3-7
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SŁABKOWSKA, POLASIK, AND JANOWICZ PHYSICAL REVIEW A67, 012713 ~2003!
sections generally decrease, which, again, is a consequ
of the growing binding energy of electrons in the shell clo
est to the nucleus.

B. Cross sections for the transitions from theL shell

The most obvious observation about the cross sections
processes involvingL electrons is that for low initial energy
of the projectile~up to 38.4 MeV! they are, in general, con
siderably larger than those for theK shell. This is natural
because the binding energy ofK electrons is about five time
greater thanL electrons. The results of simulations are p
sented in Figs. 5–9, where, again, the key inside each fig
refers to the points and error bars, while the lines join
points have no meaning by themselves.

The dependence of processes producing vacancies in
L shell on the projectile energy has a maximum. The locat
of this maximum changes with the change of the init
charge state of the ion and moves toward the higher vel
ties of the projectile with growing initial charge. This is re

FIG. 7. Cross sections for the electron transition fromL shell to
M shell of the sulfur ions for various initial charges and vario
initial energies of the projectile, in units of 1022pa0

2.

FIG. 8. Cross sections for the electron transition from theL shell
to all higher-than-M shells of the sulfur ions for various initia
charges and various initial energies of the projectile, in units
1022pa0

2.
01271
nce
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re
g

the
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sonable because the binding energy ofL electrons grows
with larger ionization degree. For larger ionization degr
the cross section for the vacancy in theL shell becomes
smaller. This effect is, on the one hand, due to the sma
number of electrons in theL shell, and, on the other hand
due to the growing binding energy. We have to notice t
our results for the transition from theL to K shell are again
of only a qualitative nature since the transition probabilit
are again small. On the other hand, the contributions of tr
sitions fromL to higher-than-M shells to the vacancy pro
duction are non-negligible, and even comparable to the c
tributions of the ionization process. It is also interesting th
the cross section for excitation fromL to M shells seems to
dominate over the ionization cross section. Moreover,
cross section for the electron transfer from theL shell of the
sulfur ion to the carbon atom, shown in Fig. 9, decrea
with the projectile velocity much more rapidly than the io
ization or excitation cross section, which is a rather typi
behavior for such collisions.

f

FIG. 9. Cross sections for the electron transfer from theL shell
of the sulfur ion to the carbon atom for various initial charges a
energies of the projectile, in units of 1022pa0

2.

FIG. 10. Cross sections for the electron transfer from the car
atom toK, L, M, and higher~H! shells of the sulfur ion for various
initial energies of the projectile, in units of 1022pa0

2.
3-8
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SCATTERING OF SULFUR IONS BY CARBON: . . . PHYSICAL REVIEW A 67, 012713 ~2003!
C. Cross sections for the electron capture

We have also tracked the process of charge transfer f
the target-carbon atom to the sulfur projectile. Let us not
that we have not recorded any contribution to such tran
from the carbon electrons of theL shell. On the other hand
the transfer from theK-shell electrons of carbon has bee
quite considerable~see Fig. 10!.

Figure 10 shows the results for the electron capture toK,
L, M, and higher~H! shells of the sulfur ion. The cross se
tion for the capture to theK shell is very small and has bee
obtained from just several ‘‘successful’’ trajectories of t
total number of 6000. The cross sections for the transfe
shells higher thanM of the sulfur ion seem to have a max
mum in the region of the projectile energies we consider;
the other hand, the cross sections for the capture toL andM
shells, being much larger for the lowest velocity, decre
monotonically and rapidly. One can observe that the kine
energy of electrons corresponding to the relative motion w
the projectile energy 22.4 MeV is approximately equal
14.0 a.u., which is very close to the binding energies
L-shell sulfur electrons, especially for the sulfur ion char
Q517, as well as ofK-shell carbon electrons; hence th
transfer cross section involving these two shells should
very large, which is indeed the case.

As mentioned above, the simplest method of simulat
of collisional processes employed here is not without seri
shortcomings. As a result of the purely classical treatmen
electrons with no account of interelectron interactions,
correct shell structure is not preserved in the final state. T
means that, in particular, we can and do have more than
electrons in theK shell. In Table XIII, we provide some
‘‘cross sections’’ for the unphysical process of having fina
three electrons on theK shell of a sulfur ion, which had
initially two electrons on this shell, for initial charge114
and four projectile energies.

In spite of those quite considerable cross sections for
physical processes, we still believe that our results for i
ization, excitation, and capture reported above still posses
least qualitative value. It is to be stressed, however, that
‘‘simple-man’’ simulations performed by us should and w
be followed by a more refined approach, in which patholo
cal effects do not appear.

V. CONCLUDING REMARKS

In this paper, the classical-trajectory Monte Carlo simu
tions are presented leading to the determination of cross
tions for vacancy in, and electron capture to, the inner-s
electrons of the projectiles which were the sulfur ions. T

TABLE XIII. Cross sections for the excessive, unphysical pop
lation of theK shell of a sulfur ion with initially two electrons on
the K shell ~initial charge114) after the collision with the carbon
atom for four initial energies of the projectile, in units of 1022pa0

2.

Energy~MeV!

38.4 67.2 99.2 121.6
1.1260.09 0.9860.09 0.3460.05 0.1660.04
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dependence of these cross sections on the energy of the
jectile sulfur ions as well as on the initial charge states
these ions is analyzed. It has been found that for low ini
energy of the projectile, the processes involving theL shell
are dominant in the scattering: the cross sections for all p
cesses creating a vacancy~hole! in the L shell are much
larger than those for the case of theK shell; on the other
hand, the cross section for the capture to theL shell are, in
the generic case, again larger than those for the other sh
The cross sections for the hole production in theK shell of
the sulfur ions are very small for low initial energy of th
projectile, while the cross sections for the capture to t
shell are almost negligible due to the large binding energ
of electrons in this shell. However, the ionization of theK
shell of the sulfur ions and, to a lesser extent, theK-to-
L-shell excitation cross sections grow quite rapidly with t
projectile energy.

The cross sections have been obtained here with the
of the most standard CTMC, which does not involve t
electron-electron interactions but ascribes a particular ef
tive charge to each electron of both the target and projec
atoms. The natural next step would be to employ the refi
ments of this technique developed by Olson and Cohen~i.e.,
the Kirschbaum-Wilets CTMC and CTMC with energ
bounds! and compare them with the results of the ‘‘standar
approach. We want to perform such simulations using m
efficient and more reliable numerical algorithms connec
with the Kustaanheimo-Stiefel regularization of the Kep
problem @25,26,31#. Let us notice that the simulations pre
sented here have been laborious since, in particular, es
tially each entry in the tables shown above required first
determination of a separate value of the maximal impact f
tor.

There are two other important issues to be addresse
the future. One may argue that the electrons in the sim
tions should initially have not only correct energies, but a
correct quantum-mechanical values of other observables
particular those of the angular momentum. Indeed, it see
that classical theory makes better predictions of the cr
sections for ionization of hydrogen atoms by protons if t
electron is assumed to have a low~almost zero! angular mo-
mentum. The eccentric anomalye in such refined simulations
would be sampled not from a uniform probability distrib
tion, but rather uniquely defined by the energy and angu
momentum. In a somewhat relaxed version, the above
quirement leads to the ‘‘correct’’ angular momenta within t
independent-particle model. But then it would also be nec
sary to take~somehow! into account a ‘‘classical spin’’ of an
electron, since for small angular momenta the electron pa
very close to the nucleus and the coupling of the magn
moment of the electron with the magnetic field of th
nucleus~which moves fast in the reference frame associa
with the electron! is by no means negligible. We hope t
address these important points in future publications.
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