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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 electronsKoL, 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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[. INTRODUCTION not take place. For many-electron systems there exist sub-
manifolds of initial conditions such that an electron may es-
It seems to be quite obvious that the knowledge of scateape to infinity in a finite time. The simplest possible way to
tering cross sections for ionization, excitation, and captur@vercome this difficulty—adopted in this paper—is to ne-
processes is of great importance for the interpretation of thglect the interaction between electrons. More precisely, in the
x-ray spectra of various elements used as projectiles and tatetal Hamiltonian of the system consisting of two atoms
get atoms. Theoretical analysis of collisions of heavy atomshere are no terms corresponding to interelectron potential
is, in general, very difficult because of their inevitably many-energy. However, the initial energies of all electrons are “ex-
body character. There exist a variety of methods to computeact,” that is, either taken from experiments or calculated us-
the cross sections for collisions of this type. One of them isng accurate quantum-chemical methods. The interaction be-
called the classical-trajectory Monte CafloTMC) method  tween electrons, while not present in the Hamiltonian, is
invented in the papers by Abrines and Percidat3]. It has  partially taken into account by ascribing an effective charge
been further developed, in particular, by Olson and hisg each electron. Simulations based on this idea can be called
groups[4-10 as well as by Cohefil1,12 and others, see, cTMC with effective charge6€CTMC-EQ). This is of course
e.g., [13,14. Interesting modifications of the CTMC have very crude approximation. We have attempted to justify
be_en proposed ."515] .and [16] based on the Kirschbaum- such an effective-charge approach by performing preliminary
W"Ets E.ﬂ] .quaS|cIaSS|c.aI theory Of. atoms. test simulations for smaller systems, for which both reliable
PP |pat|0n of chssmaI or.qua5|cla'155|cal met'hod's. to .theexperimental and theoretical quasiclassical results are avail-
description of atomic scattering requires some justification,

The excuse is related to the fact that the full quantum anal able. Let us notice in this connection that the authorglaf

sis of such many-body processes involving multichannelDrOposed a qu_asmla;._smal approach which can be used to
scattering is still beyond our possibilities even in the nonrel-0vercome the instability problem: a momentum-dependent
ativistic domain. On the other hand, the reliability of the potential is added to_the Hamiltonian thgt enforges the elec-
classical description for some regions of characteristic palfons to obey approximately the uncertainty relations and the
rameters is quite well known since the amazing success drauli exclusion principle. Upon minimization of the Hamil-
the simple fully classical Gryzinski treatment—see, e_g_,tonian with respect to the location of atomic electrons in the
[18]—of ionization cross sections of both few- and many-Phase space, surprisingly good results can be obtained for the
electron atom scatteringhe agreement with experiment in ground-state energies of atoms, comparable to the Hartree-
the case of capture cross sections is much less impressiviepck energieg11]. However, the scattering cross sections
see[19]). The CTMC simulations brought the refinement of for light atomic collisions obtained by Cohen [it2] do not
approaches of this kind since the many-body interactions anseem superior with respect to the standaed, not involving
correlations have been explicitly taken into account, at leasinterelectron interactionsCTMC results. On the other hand,

in part (within the classical physics framewgrKt is to be  the so-called CTMC-EB methodCTMC with energy
noted, however, that every fully classical model of a many-bound$ developed in that paper seems to be very promising.
electron atom suffers the instability problems. Even for thredn an another interesting papgt3], a method to deal with
electrons in the atom, it is quite difficult to find such initial few-electron systems with the help of effective semiempir-
conditions for the positions and momenta of electrons thaical central(but not Coulombig potentials, and an additional
the “autoionization” due to the collisions of electrons does three-body potential, has been developed. In this work, how-
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TABLE I. Orbital energies of electron@n a.u) in the ground state of carbon atom and the ground states
of sulfur ions of various charges.

Atom Charge Configuration Orbital Orbital energy
1s 11.3519
Carbon 0 1s%2s%2p? 2s 0.7169
2p_ 0.3897
1s 98.5655
Sulfur +7 1s?2s%2p? 2p°® 2s 14.3732
2p_ 12.2661
2p 12.2481
1s 103.7448
Sulfur +9 1s?2s%2p? 2p* 2s 17.8934
2p_ 16.2592
2p 16.3108
1s 109.5838
Sulfur +11 1s?2s?2pt 2s 21.7414
2p_ 20.7975
Sulfur +13 1s%2st 1s 115.6061
2s 25.9836
Sulfur +14 1s? 1s 118.5572

ever, we would like to apply the most standard CTMC from a microcanonical ensemble corresponding to prescribed

method to begin with. energies of electrons. In our case, the energy of each electron
One of the peculiarities of the present paper is that wehas been calculated by us using the Dirac-Fock method. All

have been interested in ionization of, and charge transfahe energiesin atomic unitg necessary in our paper are con-

from, the sulfur ion, which is a projectile. Naturally, we may tained in Table a “~" below the 2p subshell symbol indi-

just change the reference system to consider the sulfur ion astes thaj=|—3; otherwisej=1+3).

the target. Although the atoms and ions under consideration It is customary in CTMC to use the mean anomaly

are already many-electron systems, they can still be dea#iccentricitye, known from celestial mechanics, and three

with using the nonrelativistic methods. We have checked thaangular variables, 6, andy, which are the Euler angles, as

the velocities of electron@ven those closest to the nucleus auxiliary variables to express initial values of positions and

never become larger than 10% of the velocity of light. momenta. The former quantities are all sampled—separately
The main body of this work is organized as follows. In for each electron—from uniform distribution with <O

Sec. I, we provide a very brief description of the CTMC <27, 0=<e’<1, 0<¢=<2m, —1<cosf<1, and O<y

approach. In Sec. Ill, we attempt to justify the usefulness ok 2+. With the help of the mean anomaly and eccentricity,

the effective-charge approach to the scattering of fewwe obtain the eccentric angleby solving the equation

electron systems by comparing our CTMC-EC results based )

on effective charges with experimental ones obtained by a=§—esiné. 1)

Shah, Elliott, and Gilbod20,21) and DuBoig 22], and with The Kepler equation can be solved just by iteration with

theoretical ones by Cohgi2]. Section IV is devoted to the satisfactory accuracy. We then obtain the following initial

resentation of our main results for collision processes in-._ .. .
\F;olving sulfur ions and carbon atoms P position and momentum of each electron related to its own

nucleus:
Il. CTMC METHOD XO= A(¢,8,4)X3, 2

In this section, we summarize the most essential features PO=_A(&,6,)P?, 3)
of the CTMC method following mainly4], [7], and [11].
This is to make the paper reasonably self-contained. Every where
CTMC simulation contains three essential stépschoosing

the initial conditions(ii) integration of Hamilton’s equations 0
of motion for both nuclei and electrons, ariii) testing X9=| [ZeZn/(2UQ)](1—eH)Yasiné | | (4)
asymptotic trajectories for final states. Regarding giep [Z.Zy/(2U,)](cosé—e)

e e

one has to choose six initial values of position and momenta
for each electron sampled, in the simplest version of CTMCwhile A(¢, 6,¢) is the Euler rotation matrix given bj23]
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COS¢ coShH cosy—sSing sinygs  — oS¢ cosh sinyg—sing cosy coseo sind
A=| sin¢g cosfcosy+cosysing  —sing cosh sing+cos¢g cosy  sing sing | | (5)
—sinécosy sin@ siny cos6

A discussion of other possible conventions for the rotatiorHowever, we encounter quite considerable problems here
matrix is discussed, e.g., {”24]. In Eq. (4), U, denotes the since the time step has had to be extremely small, of the
energy of an electron with respect to the nucleus to which ibrder of 10°° a.u., in order to ensure the full reversibility of
is initially bounded. The variablg, is the effective charge of the dynamics and satisfactory conservations of the total en-
the electron(in a.u) while Z is the charge of the nucleus. ergy and total angular momentum. This is rather understand-

Similarly, we have forP8, able since the electrons in, s&andL shells of sulfur differ
in their energies by one order of magnitude, while the energy
0 of K-shell electrons in carbon is still two orders of magnitude
9= (2mUg)¥3(1—e?)Y2cos¢/(1—ecosé) | . (6) smaller. In connection with it, we plan to use in our further
o research some specialized algorithms developed to solve
—(2mU,)*2sin¢/(1-e cos) N-body problems(cf., e.g.,[25,26)) after necessary modifi-

cations for the presence of both attraction and repulsion.

: - o In stage(iii), we have had to find whether a particular

ify the im ram iti mpled from th ' L ; :
specify the impact parametby it is to be sampled from the electron has been ionized, captured, excited, or left without

uniform distribution on the interval | b.y,bma, Where - ;
bmax is such a value of the collision parameter that the pro_change by the collision process. This has been done by

cess of interest does not hold for impact parameters Iargeg;teﬁ I;'Eglé?ea;'wélfgergﬁgk?ng“;ﬁg ﬁ:ﬂ?%ﬁ;ﬁgf;gﬁ;g
thanb,,.x. The initial values of relative velocities have been y 9

. . : - _electrons and nucldcf. Fig. 1 of[11]).
taken by us from a related scattering experiment in which To each electron we have ascribed an effective chagge

x-ray spectra have been measured. It is to be noticed that for ) . i
every scattering channel, the paramdigg, has had to be Z‘;‘é:erezth%;?é% '?B?}S th(ivﬁgztrogjigf; thl":t th(;rex%r:s
e,l el ,sultur

different. =Z andU.; has been approximated by an orbital
The dynamics of the system is governed by the following_ ~N.carbor el . pproxi -d by :
S - energy from Table)lhas given the correct principal quantum
Hamiltonian function: . o . .
number in the one-electron approximation for noninteracting

To obtain the initial relative motion, we only need to

2 p2 ko2 2 kg7 e 7.7 e atoms. After the collision process, we have computed the
H=> —+> L > > NiTe = | ZNITN.2 , “classical” principal quantum numbers according to the for-
-12M; =12m, =3 |rj_Ri| |R;—R,| mula
()
whereP;, i=1,2 are the momenta of nucld¥;, i=1,2 are Nei=ZeiZn/(|2Ugi)Y? ()
their massesp;, j=1k are the momenta & electronsm,

provided that the electron energgalculated with respect to

is the electron massR; andr; are positions of nuclei and ) , .
a given nucleusis smaller than zero. In the above equation,

electrons, respectivelyy ;e are the charges of nuclei, while ) .
—Z, je are effective charges of electrons, specified below. e, (_jenOFes“ the f'_”a',,b'”.d"?g energy of tith electron.
all, we have worked in the reference frame in which one of With this cIassm;aI pnnupal_number a q“a”“_lm number
the nuclei, namely the carbon atom, is at rest at the time Ni N2 been associated according to the prescripifon
=0.

To integrate the Hamilton equations of motion, stép, [(ni—D)(ni— )N <ng;<[(ni(nj+ 3(nj+ 1]
we have usedand comparedseveralFORTRAN packages 9
obtaining similar (actually, almost identicalresults from
them. The following algorithms have been used: the Mersormhis quantum number determined the final state of each elec-
algorithm, the Adams-Bashforth-Moulton  predictor- tron if it had been in a bound state with respect to one of the
corrector, and the Runge-Kutta-Fehlberg fifth-order formulanuclei.

TABLE II. Cross sections for the single ionization of helium by a proton for various initial energies of the
projectile, in units of 107 cn?.

Energy(MeV/amu  Experimenta[20] CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 8.32:0.13 6.66-0.20 3.61-0.39 5.50-0.49 7.8720.73
0.10 8.43:0.18 6.32-0.19 4.15-0.18 5.98:0.5 7.72-0.30
0.20 6.93-0.17 4.010.15 4.13-0.36 6.26:0.48 6.910.53
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TABLE lll. Cross sections for the double ionization of helium by a proton for various initial energies of
the projectile, in units of 10'° cn?.

Energy(MeV/amu  Experimenta[20] CTMC-EC  CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 10.57#1.01 43.84-4.61 3.96:1.72 4.771.99 6.0741.82
0.10 9.6 1.03 28.98-3.48 4.95-1.63 8.80-2.15 7.16:1.97
0.20 5.60-0.17 13.0%2.36 3.30-1.34 12.783.04 827211

TABLE IV. Cross sections for the process of charge transfer of an electron from the helium atom to a
proton, in units of 107 cn?.

Energy(MeV/amu  Experimental20] CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 4.65-0.23 2.7%-0.14 1.85-0.29 2.64:0.35 4.62:0.53
0.10 2.72-0.10 1.28-0.09 1.34c0.11 2.02:0.31 2.80:0.16
0.20 0.365-0.004 0.131*0.024 0.26:0.11 0.18-0.09 0.3%0.11

TABLE V. Single ionization cross sections for the scattering of a fully stripped helium ion by the helium
atom, Her He?* —He' + He?* +e, in units of 10 cn?.

Energy(MeV/amuy  Experimenta[20] CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 15.25:0.26 11.76:0.47 3.29:1.15 6.53-1.45 19.06-0.87
0.10 18.5:0.21 14.61%0.51 4.94-0.51 8.36:1.16 19.42-1.81
0.20 20.26:0.30 13.630.43 8.970.45 13.7220.92  18.131.09
0.40 15.14:0.21 7.76:0.29 8.06-0.59 10.880.60  12.33:0.45

TABLE VI. Double ionization cross sections for the scattering of a fully stripped helium ion by the
helium atom, He- HE ™ —He*™ + He? ™ + 2e, in units of 10 18 cn?.

Energy(MeV/amu  Experimenta[20] CTMC-EC  CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 3.66-0.41 16.60-1.40 0.49:0.35 2721.01 0.25:0.25
0.10 5.40-0.34 35.00:-2.26 2.970.91 4.45-1.14 2.16-0.74
0.20 6.53:0.21 22.98:1.78 6.35-0.91 7.30-0.96 4.90-0.67
0.40 3.11%0.11 5.49-0.67 6.68-0.97 6.49-1.02 4.00:0.48

TABLE VII. Single-capture cross sections for the scattering of a fully stripped helium ion by the helium
atom, Her He? " —He" +He", in units of 10717 cn?.

Energy(MeV/amu  Experimental20] CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 15.16:0.30 11.06:0.43 16.25-1.15 19.06:1.45 16.030.87
0.10 11.56¢:0.14 6.72-0.33 13.44-1.07 14.351.24 10.86:1.31
0.20 2.60:0.02 0.56£0.08 3.34£0.43 3.7 0.52 2.25:0.43
0.40 0.309-0.007 0.056:0.017 0.5%0.17 0.4x0.14 0.22£0.07
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TABLE VIII. Cross sections for the ionization-capture reaction in the scattering of a fully stripped helium
ion by the helium atom, HeHe? " —He?* + He" +e, in units of 10 %7 cn?.

Energy(MeV/amu  Experimental 20] CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 2.89-0.06 4.810.26 1.19-0.17 1.76:0.21 1.72:0.21
0.10 2.36:0.02 3.22£0.21 1.48-0.19 2.05:0.23 1.78-0.21
0.20 0.518-0.005 0.20:0.03 0.70:0.10 0.72-0.10 0.52-0.06
0.40 0.04270.0026 0.0340.024 0.14-0.04 0.14-0.04 0.08-0.02

TABLE IX. Double-capture cross sections for the scattering of a fully stripped helium ion by the helium
atom, Het H& " — He? " + He, in units of 1018 cn?.

Energy(MeV/amuy  Experimental22] CTMC-EC CTMC-KW1 CTMC-KW2 CTMC-EB

0.08 26.94-1.92 6.43£1.27 7.671.55 6.65-1.39
0.10 13.5 9.291.06 2.970.84 3.46-0.97 6.19-1.33
0.20 0.068-0.048 0.310.12 0.31%0.12 0.13:0.08

100 F T T T T T T T T T T 3

TABLE X. Cross sections for the single ionization with single-

&

capture reactions in the scattering of a fully stripped helium ion by "¢
the lithium atom, LiHe —Lit+He +e, in units of ’-;
10 8 cm?. é 1 .
2
Energy(MeV/amu Experimental21] CTMC-EC g
- initial charge +7 +—+—
0.075 27.84.2 16.02-1.34 e afcrage 111 *1 y
0.410 1.22-0.10 0.42-0.17 ; initial charge +14 -
0.547 0.3%0.13 0.088-0.062
0.1 20 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 1&0 1 ‘;0 1;0 130
Energy (MeV)

FIG. 1. Cross sections for the ionization of tKeshell of the
sulfur ion with initial chargest+7, +9, +11, +13, and+ 14, for
various initial energies of the projectile, in units of %ag.

TABLE XI. Single-capture cross sectiofiso ionization for the 10_4%%: 0.879 735¢ 10~ 2° cn.

scattering of a fully stripped helium ion by the lithium atom, Li
+HeET —LiT+He", in units of 101 cn?.

Energy(MeV/amu Experimental21] CTMC-EC wer i
0.075 9.3%0.62 8.18-0.40
0.410 5.86:0.42 2.14-0.41 T ]
0.547 0.225:0.014 0.0484:0.0144 €
é initial charge +7 —+—
@ initial charge +9 -----
e ]
%’ initial charge +14 +---m--+
TABLE XII. Double ionization cross sections for the scattering | .
of a fully stripped helium ion by the lithium atom, #iHe?*
—Li%T+He*T +2e, in units of 1078 cn?.
j 20 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 1 éo 1 1I 0 1 éO 130
Energy(MeV/amu Experimental21] CTMC-EC Energy (MeV)
0.410 3.95:0.20 3.80-0.53 FIG. 2. Cross sections for the electron transition fromKhe L
0.547 2.880.24 2.55-0.47 shell of the sulfur ions for various initial charges and various initial

energies of the projectile, in units of lﬂ)wag.
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The cross sectiowrg for a proces), whereO is either  that only the experimental and our CTMC-EC results are
vacancy or capture, is given in CTMC by the expression given.

From the above tables, one might conclude that the agree-
ment of existing classical or quasiclassical and experimental
results in the scattering of light atoms cannot be called very
good. However, the former give at least a good estimate of
whereNo is the number of times the proceSsoccurred and  the orders of magnitude, and provide a correct qualitative
Niot is the total number of trajectories run. The st<';1tisticalpicture of how the cross sections change with the energy of

No
To=x TDhax: (10)
N'[OI

error oo is given by projectiles. What is somewhat surprising about the above
results is that the Kirschbaum-Wilets quasiclassical simula-

800=00\ /M_ (11)  tions do not offer any systematic improvement over the

NoNot effective-charge approach which completely neglects both

interelectron interactions and the quantum-mechanical uncer-

Ill. CTMC-EC, QUASICLASSICAL SIMULATIONS, AND tainty and exclusion principles—such an improvement is vis-
EXPERIMENTAL RESULTS FOR SCATTERING ible only for very large energies of the projectile. On the
OF FEW-ELECTRON SYSTEMS contrary, we can see in the above tables that the effective-

o ) ) charge simulations can sometimes provide better re6Léts

We have performed some preliminary simulations to Comvjgser to experimental ongshan the Kirschbaum-Wilets
pare the simple-man approat@TMC-EC) based on ascrib-  gimyjations. The advantage of the latter is conceptual rather
ing an effective charge to each electron with quasiclassicahan practical; by that we mean that they form one of the first
ones based on the Kirschbaum-Wilets effective Hamiltoniangtempts to go beyond the simplest formulations of CTMC in
which partially takes into account the uncertainty principlescattering processes, including all the interactions and some
and exclusion principle as well as with Cohen's CTMC-EB qyantum features. It seems to us that the above tables pro-
simulations, in which the dynamics of every electron areyige jystification to our belief that ignoring the interelectron
constrained by a specially chosen potential which guaranteggteractions(or taking them into account only via constant
that the electron energy cannot be too smiaknce the  effective charges does not lead to catastrophic conse-
“autoionization” cannot happen For each entry in the fol- 4y ences. However, the procedures applied here can only be
lowing tables we have performed simulations using 500Q:gnsidered as a first step toward reliable semiclassical simu-
trajectories. In Table II, we show the cross sections for singlgations of complicated multielectron systems, and our results
ionization of a helium atom by protons for several energies,eed to be viewed with considerable skepticism, especially
of the projectile. _ for large velocities of the projectiles. Let us finally mention

The latter three columns in Table Il refer to three groupsinat a simple approach with effective charges ascribed to
of results obtained by Cohen using two variants of thegyery electron has been recently advocated by Berd@t¥ar
Kirschbaum-Wilets approach and Cohen's own CTMC withi, his work devoted to an approximate solution to the many-
energy constraint&f. [12] for the details. Table Il contains particle Schrdinger equation.
cross sections for the double ionization of helium by a proton
for several initial velocities of the projectile.

In Table IV, we provide the comparison of experimental
and various theoretical results for the single-electron charge
transfer from helium to proton. We have obtained the cross sections for six different en-

As a further check of performance of the effective-chargeergies of the projectilé22.4 MeV, 32.0 MeV, 38.4 MeV, 67.2
approach, we have also simulated the scattering af gar-  MeV, 99.2 MeV, and 121.6 Me)/corresponding to experi-
ticle by helium atoms. Tables V—IX contain comparison of mental conditions of scattering of sulfur ions on the carbon
various theoretical and experimental results for single andoils [28,29. The incident sulfur ions in these experiments
double ionization, single and double electron capture, as welhave had the initial charge-7, +13 and +14 electron
as the ionization-capture reaction. charges. To obtain more representative picture of the under-

Let us notice that the processes for which the cross sedying processes we have performed our simulations addition-
tions are described in Tables V and VIII are different: theally for the ion charges-9 and+11. All sulfur ions with the
first one consists in the single ionization of a helium atom byabove charges have their electrons in eitker L shells, so
the « particle. In the second process, we have the capture ahat only for these shells is the cross section for vacancy
one electron from the helium atom by theparticle with the  (appearance of holaneaningful. The vacancies K andL
accompanying ionization of the second electron. Thus, in thehells can appear due to ionization of a sulfur ion or excita-
first process one electron remains with the target atom, in thgon of this ion, or, finally, due to the capture of an electron
second process it is the projectile which has one electroby the carbon atom. Let us notice that in our classical pro-
more, while the target atom is fully stripped after the colli- cedure we could track processes which are not distinguish-
sion. able from the quantum-mechanical point of view. This means

Tables X—XII contain several cross sections for some rethat, since classical particles are distinguishable, we could
actions in the scattering af particles by lithium, for which  follow the motion, and establish the final state, of every in-
we do not know the CTMC-KW or CTMC-EB results, so dividual electron.

IV. RESULTS AND DISCUSSION
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FIG. 3. Cross sections for the electron transition from ke FIG. 5. Cross sections for the ionization of theshell of the
shell to higher-thar- shells for various initial charges and various sulfur ions for various initial charges and various initial energies of
initial energies of the projectile, in units of 167a3. the projectile, in units of 10?7a3.

A. Cross sections for transitions from theK shell trons is insufficient to cause any remarkable change in their

In Figs. 1-4, we have placed our results for the crosstate, except of the transfer to the carbon atom; even the
sections corresponding to the processes of ionization and egfoss sections for thk-to-L excitation are small. It is to be
citation for theK electrons of a sulfur ion. The key inside observed that the cross section for the capture to the carbon
each figure refers to the points and vertical lines associateatom is larger than any other cross sections relate& to
with the corresponding error bars. The lines which join theelectrons for all energies of the projectile we investigated.
points do not have any independent meaning. But the transition probabilities even for this process never

Each entry in the above figures is a result of sampling ofexceeded 0.25 for any impact parameter. Also, we observe
6000 simulations. It is to be noted that for low initial energy that while the ionizatiortand, to a lesser extent, the excita-
of the projectile(up to 38.4 MeV the transition probabilities tion cross sectionsgrow quite rapidly with the projectile
for all processes involvind electrons are small, or very energy, the electron-transfer cross section exhibits the ten-
small. Indeed, the cross sections for ionization, and for trandency to saturate and even starts to decrease for very large
sitions to higher-thah- shells up to the energy 38.4 MeV, Velocities, remaining, however, the largest of all cross sec-
are, at best, only of qualitative value, since there have beetions. This behavior is to be expected from the general char-
only very few transitions and the statistical errors are of theacteristics of scattering processes in “small” and “interme-
same order as the values themselves. Nevertheless, we cdiate” regions of the projectile energy, df30]. Of course,
observe quite pronounced trends in changes of cross sectiof¥ projectile energies involved here are small or intermedi-
with the initial energy of the projectile. As one might expect, ate only in relation to the large binding energy of teshell
the cross sections grow with this energy. For too small vesulfur electrons. We also infer from the above figures that
locity of the projectile, the transfer of energy to tKeelec-  with increasing initial charge of the sulfur ions the cross

=3
S
T

Cross section (1 0 n aoz)
Cross section (1 02n aoz)

75 - g 1. [ . i
i 7 %
e B ¥ x
picee * 1
il g 14 2 i g -
initial charge +11 ~—x -1
initial charge +13 +-& -
5020 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 1 éo 1 1I 0 1 éO 130 20 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 1 (I)O 1 ; 0 1&0 130
Energy (MeV) Energy (MeV)
FIG. 4. Cross sections for the electron capture fromkhghell FIG. 6. Cross sections for the electron transition friorshell to
of the sulfur ion to the carbon atom for various initial charges ofK shell of the sulfur ions for various initial charges and various
and various initial energies of the projectile, in units ofi@ag. initial energies of the projectile, in units of Iéwag.
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initial charge +7 ——
initial charge +9 +--x--
initial charge +11 ~=-%:-1
initial charge +13 + - -

=3
T

Cross section (1 02n aoz)
T

o
3
&
Cross section (1 02n aoz)

initial charge +7 +——+—
initial charge +9 :--»---
initial charge +11 +-%-—
initial charge +13 +-& -

20 30 40 50 60 70 8‘0 20 1(‘)0 1;0 1;0 130 20 30 40 50 80 70 80 90 100 110 120 130
Energy (MeV) Energy (MeV)
FIG. 7. Cross sections for the electron transition friorshell to FIG. 9. Cross sections for the electron transfer fromlthehell
M shell of the sulfur ions for various initial charges and various of the sulfur ion to the carbon atom for various initial charges and
initial energies of the projectile, in units of 18ra3. energies of the projectile, in units of 1&ma2.

sections generally decrease, which, again, is a consequengg vie because the binding energyLolectrons grows
of the growing binding energy of electrons in the shell clos-

with larger ionization degree. For larger ionization degree,
est to the nucleus. ) .
the cross section for the vacancy in theshell becomes
. . smaller. This effect is, on the one hand, due to the smaller
B. Cross sections for the transitions from theL shell

number of electrons in the shell, and, on the other hand,
The most obvious observation about the cross sections fafue to the growing binding energy. We have to notice that
processes involving electrons is that for low initial energy our results for the transition from tHeto K shell are again
of the projectile(up to 38.4 MeV they are, in general, con- of only a qualitative nature since the transition probabilities
siderably larger than those for tf€ shell. This is natural are again small. On the other hand, the contributions of tran-
because the binding energy léfelectrons is about five times  gjtions fromL to higher-thanM shells to the vacancy pro-
greater_thaﬂ_ electrons. The res.ults of simL_JIat.ions are pre-guction are non-negligible, and even comparable to the con-
sented in Figs. 5-9, where, again, the key inside each figurgi iions of the ionization process. It is also interesting that

refers to the points and error bars, while the lines jOiningthe cross section for excitation fromto M shells seems to
points have no meaning by themselves.

The dependence of processes producing vacancies in tdominate over the ionization cross section. Moreover, the

P ce of p P N9 . I%?oss section for the electron transfer from thehell of the

L shell on the projectile energy has a maximum. The locatlorlc,ulfur ion to the carbon atom. shown in Fia. 9 decreases

of this maximum changes with the change of the ir]itialwith the projectile velocit muc;h more ra idlg'tha’m the ion-

charge state of the jon and moves toward the higher VeIOCii_zation o? e>J<citation cros>s/ section WhiChpiS){:l rather typical

ties of the projectile with growing initial charge. This is rea- . s ’ yp
behavior for such collisions.

T T T
50

T, capture to K shell ——
capture to L shell :--x---
capture to M shell ~-%:-1

PR - capture 1o higher shells - -

o
T

Cross section (1 02n aoz)

initial charge +7 —+——

Cross section (1 02n aoz)

T
Ky

initial charge +9 t--x--!

initial charge +11 +-%-1

initial charge +13 +-& -
ir 4

L L L L L L L L L L
20 30 40 50 60 70 80 20 100 110 120 130

Energy (MeV) 0.1 L 1 1 1 L L L L 1 L
20 30 40 50 80 70 80 90 100 110 120 130

. . Energy (MeV)
FIG. 8. Cross sections for the electron transition fromlttsiell

to all higher-thanM shells of the sulfur ions for various initial FIG. 10. Cross sections for the electron transfer from the carbon
charges and various initial energies of the projectile, in units ofatom toK, L, M, and higher(H) shells of the sulfur ion for various
10 ?7aj. initial energies of the projectile, in units of 187a3.
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TABLE XIll. Cross sections for the excessive, unphysical popu-dependence of these cross sections on the energy of the pro-
lation of theK shell of a sulfur ion with initially two electrons on jectile sulfur ions as well as on the initial charge states of
the K shell (initial charge+ 14) after the collision with the carbon these ions is analyzed. It has been found that for low initial
atom for four initial energies of the projectile, in units of Fara3. energy of the projectile, the processes involving tthshell
are dominant in the scattering: the cross sections for all pro-

Energy(MeV) cesses creating a vacangyole) in the L shell are much
38.4 67.2 99.2 1216 larger than those for the case of tHeshell; on the other
1.12+0.09 0.98-0.09 0.34-0.05 0.16-0.04 hand, the cross section for the capture to lthehell are, in

the generic case, again larger than those for the other shells.
The cross sections for the hole production in tahell of
C. Cross sections for the electron capture the sulfur ions are very small for low initial energy of the

rojectile, while the cross sections for the capture to this

We have also tracked the process °f.°h6.“ge transfer fTO@hen are almost negligible due to the large binding energies
:Eettarge;-carbortl atomdtodthe sulfurtperOthctlltte. Let rlﬁ nOtI(f:eof electrons in this shell. However, the ionization of ke

at we have not recorded any contribution to such transfe, ; )
from the carbon electrons of theshell. On the other hand, Shell of the sulfur ions and, fo a lesser extent, Hio
the transfer from theK-shell electrons of carbon has been
quite considerablésee Fig. 10

Figure 10 shows the results for the electron capturi,to
L, M, and higher(H) shells of the sulfur ion. The cross sec-
tion for the capture to th& shell is very small and has been
obtained from just several “successful” trajectories of the

L-shell excitation cross sections grow quite rapidly with the
projectile energy.

The cross sections have been obtained here with the help
of the most standard CTMC, which does not involve the
electron-electron interactions but ascribes a particular effec-
tive charge to each electron of both the target and projectile
atoms. The natural next step would be to employ the refine-
Phents of this technique developed by Olson and Cdhen
the Kirschbaum-Wilets CTMC and CTMC with energy

the other hand, the cross sections for the captuteandM rbounds) and compare them with the results of the “standard

hells. bei h for the | t velocity. d approach. We want to perform such simulations using more
shells, being much larger for the lowest velocity, decreastyg iont and more reliable numerical algorithms connected

shells higher thamM of the sulfur ion seem to have a maxi-

the projectile energy 22.4 MeV is apprquately eql_JaI to ented here have been laborious since, in particular, essen-
14.0 a.u., which is very close to the binding energies o

L-shell sulfur elect allv for th fur i h ially each entry in the tables shown above required first the
~Shell sulfur electrons, especially for the Sullur 1on Charge€qqe mination of a separate value of the maximal impact fac-
Q=+7, as well as ofK-shell carbon electrons; hence the tor

transfer cross section involving these two shells should be

very large, which is indeed the case. the future. One may argue that the electrons in the simula-

AS .m.ent|oned above, the simplest ”."ethOd _Of S'r11[J|aF'()r][ions, should initially have not only correct energies, but also
of collisional processes employed here is not without seriou orrect quantum-mechanical values of other observables, in

shortcomings. As a result of the purely classical treatment o articular those of the angular momentum. Indeed, it seems

electrons with no account of interelectron interactions, th hat classical theory makes better predictions of the cross
correct shell structure is not preserved in the final state. Thigections for ionization of hydrogen atoms by protons if the
means that, in particular, we can and do have more than tWQy, +on is assumed to have a l¢aimost zerp angular mo-
?Iectrons N tth shell. In Tat_)le XIll, we prowdg SOME  entum. The eccentric anomadyn such refined simulations
cross sections” for the unphysical process of hav_mg flnallywouId be sampled not from a uniform probability distribu-
Fh_r_ee electrons on thi she_ll of a sulfu_r lon, which had tion, but rather uniquely defined by the energy and angular
initially two electrons on this shell, for initial charge 14 momentum. In a somewhat relaxed version. the above re-
and four projectile energies. quirement leads to the “correct” angular momenta within the

h In.sp:te of those quite i.‘ﬂntf'??rablﬁ C{OSS sectlﬁnsf for_ ur‘l'ndependent-particle model. But then it would also be neces-
physical processes, we Still believe that our resufts for Ior"sary to takg'somehow into account a “classical spin” of an
ization, excitation, and capture reported above still possess

- ! @‘ectron, since for small angular momenta the electron passes
least qualitative value. It is to be stressed, however, that th

- I X . 9ery close to the nucleus and the coupling of the magnetic
simple-man Slmulatlons_performed by us ShQUId and W'”. moment of the electron with the magnetic field of the
bel fo#ovvteddby atmore refined approach, in which pathOIOg"nucleus(which moves fast in the reference frame associated
cal eflects do not appear. with the electron is by no means negligible. We hope to
address these important points in future publications.

There are two other important issues to be addressed in

V. CONCLUDING REMARKS

_ In this paper, the clas_sical-trajectory M_ontt_a Carlo simula- ACKNOWLEDGMENT
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