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Multiple ionization of atoms and molecules in collisions with fast ions: Ion-atom collisions
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~Received 27 May 1997!

A theoretical description of multiple ionization of atoms and molecules produced by an energetic ion impact
is developed. It is based on the statistical energy-deposition model of Russek and Meli@Physica~Amsterdam!
46, 222 ~1970!#. In this model the probability for the formation of a collision-induced final state withn
electrons in the continuum is obtained, assuming that its value is proportional to the volume of phase space
available at that ionization state for a certain value of statistically distributed deposited energy. The model is
extended in two respects. First, the deposited energy for each trajectory is considered as a fluctuating quantity
with a certain distribution and the ionization probability is calculated as a weighted average over the distribu-
tion. Second, the mean value and straggling of the deposited energy are calculated within the Lindhard-Scharff
local plasma approximation@Mat. Fys. Medd. K. Dan. Vidensk. Selsk.27, No. 15~1953!#. Sample calculations
for collisions of protons and F41 ions with neon atoms at an energy of 1 Mev/amu are presented and compared
with calculations within the independent-electron approximation and with experimental data.
@S1050-2947~97!01310-3#

PACS number~s!: 34.50.Fa, 34.50.Gb
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I. INTRODUCTION

Multiple ionization of atoms and molecules by fast hea
ions attracts an ever increasing attention of both experim
talists and theoreticians due to its fundamental importanc
many areas of science and technology. Moreover, it is
interesting subject in atomic physics from the point of vie
of understanding the basic processes of many-particle r
tions ~see, e.g., a review by Cocke and Olson@1#!. A theo-
retical description of the ion-induced multiple ionization
complicated mainly due to the variety of mechanisms t
may contribute to it as well as its multielectron natu
strongly related to electron-electron correlations. In addit
to the direct Coulomb knockout of several electrons, p
cesses such as shakeoff, fast Auger cascades after inner
ionization, transfer ionization, and excitation and multip
excitations followed by autoionization can contribute.

There are two basic approaches that are widely used
interpretation of the experimental results on multiple ioniz
tion. One is the independent-particle model~IPM! @2,3# and
its extensions@4,5#. In this approach it is assumed that th
ejection of a particular electron proceeds independently
the state of other electrons. The multiple-ionization pro
abilities for a given impact parameter are then given b
binomial ~or multinomial! distribution based on single
electron-ionization probabilities. The latter are usually cal
lated within the first-order semiclassical approximati
~SCA! ~see, e.g.,@6#!. An attractive feature of this approac
is its computational simplicity. However, it was recogniz
that the IPM suffers from some serious defects~see the dis-
cussion in@1#!. For example, in this model it is ignored th
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the ionization potential changes considerably with the cha
state, which leads to wrong probabilities for high stages
ionization. In addition, attempts to apply the IPM to mo
ecules@7,8# involve additional rather crude approximation
that practically ignore the molecular structure.

Another popular approach is the classical-trajecto
Monte Carlo~CTMC! method in combination with the IPM
@9# and its extension, the so-calledn-body CTMC method
@10#. In this method a Monte Carlo simulation of ion-ato
collision is made by calculating the classical trajectories
the interacting projectile and target electrons, with the init
momentum distribution of the latter being calculated qua
tum mechanically. This method is flexible enough to inclu
the electron-capture@11# and electron-loss@12# processes as
well as autoionization. It provides a good description of m
tiple ionization; however, it is very time consuming, eve
with modern computers, since several thousand individ
collision trajectories must be followed to obtain good stat
tics on the cross sections. This limits its application to mo
complicated targets such as molecules, especially m
atomic ones.

At an early stage of investigations the multiple ionizati
of atoms was also described in terms of a statistical ene
deposition~SED! model @13–16#. The model was originally
suggested and developed by Russek and collabora
@13,14# for a description of the multiple ionization in slow
ion-atom collisions in the domain of the quasimolecu
Fano-Lichten approach@17#. Its most advanced version i
described in detail by Russek and Meli@15#. The model is
based on the assumption that the probability for the form
tion of a collision-induced final state withn electrons in the
continuum is obtained assuming that its value is proportio
to the volume of phase space available at that ioniza
state. The probability depends on the energy transferred
the projectile~deposited energy!, which is assumed to be
statistically distributed among all electrons of the syste
The SED model was extended by Cocke@16# to the region of
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56 2849MULTIPLE IONIZATION OF ATOMS AND MOLECULES . . .
fast ion-atom collisions. Cocke also suggested to cons
the energy deposition as being roughly due to the fast p
sage of a point charge through a cloud of target electro
The latter was considered as a gas of free classical elect
The calculations by Cocke within the SED model gave
reasonable estimate of the experimental cross sections
multiple ionization in 34-MeV Clq1-Ne collisions. How-
ever, the model overestimated the cross sections for s
stages of ionization, which was attributed to the roughnes
the calculation of the energy deposition.

In this paper we develop a modification of the SED mo
for a quantitative description of multiple ionization of atom
in ion-atom collisions in the energy range from several te
of keV to several MeV per atomic mass unit~amu!. The
Russek-Meli-Cocke model is extended in two respects. F
the deposited energy for each trajectory is considered
fluctuating quantity with a certain distribution and the io
ization probability is calculated as a weighted average o
the distribution@14#. Second, the mean value and straggli
of the deposited energy are calculated within the Lindha
Scharff local-~electron! density approximation@18#, which
is known to give a good description of the ion energy loss
the considered energy range.

The main goal of the work is to develop a model that c
be easily extended to a description of ion collisions w
more complex multielectron systems such as molecules
clusters. However, at first we consider ion-atom collisio
where experiments as well as other methods for calcula
of multiple ionization cross sections exist with which we c
compare our results. A full description of the model is giv
in the next section. Some examples of the application of
model in ion-atom collisions are discussed in Sec. III. W
give conclusions in Sec. IV. We plan to describe an ext
sion of the SED model to the case of ion-molecule collisio
in a future work@19#. Atomic units are used throughout un
less otherwise indicated.

II. EXTENDED STATISTICAL ENERGY
DEPOSITION MODEL

We consider a collision of an ion with initial energy in th
range 50 keV/amu to 5 MeV/amu with a multielectron targ
atom. We assume that the ion can be considered as a
chargeZ1 moving along the classical trajectory with a co
stant velocityv and impact parameterb. This is a common
and well-justified approximation in the considered ene
region. Moreover, we assume that the trajectory is a stra
line; this is not a principal limitation since the deflection
the projectile can be easily incorporated into the mod
When the ion collides with the target atom some of the tra
lational energy of the ion is deposited in the electronic
grees of freedom. This energy is known to be much lar
than the kinetic energy of the recoil, which we ignore in t
following. The energy transfer causes excitation and ioni
tion of target electrons with appreciable probabilities. T
typical deposited energy considerably exceeds the ioniza
threshold. Therefore, numerous ionization channels
opened and a detailed quantum-mechanical treatment o
ionization problem is practically impossible. In this case t
statistical approach appears to be attractive.
er
s-
s.
ns.
a
for

all
of

l

s

t,
a

er

-

n

n

nd
s
n

e

-
s

t
int

y
ht

l.
-
-
r

-
e
on
re
he
e

A. Russek-Meli-Cocke energy-deposition model

The statistical energy-deposition model@15# implies that
the multiple-ionization process is viewed to proceed in t
stages. In the first one, part of the kinetic energy of the p
jectile is transferred to electronic excitations of the targ
atom. Then, in the second stage, after the partners de
from one another, the deposited energy is distributed am
all target electrons and the system subsequently autoion
to reach its final ionization state. Here it is assumed that
electrons are removed slowly in comparison to the collis
time.

The energy transferred in the collision~or rather the dis-
tribution of transferred energies! is considered as a reason
ably well-defined function of the collision parameters a
will be treated in Sec. II B. Given that the deposited ene
is known, the probability for each final ionization level ca
be calculated as suggested by Russek and Meli@15#. It is
proportional to the volume of phase space available in t
ionization state and it is directly related to the deposi
energy and the ionization potentials of the various levels

As it was shown in@15#, the probability ofn-fold ioniza-
tion for a certain deposited energyET can be expressed as

Pn
~N!~ET!5

S N
n DgnSn~Ek /E1!

(
i 51

N S N
i DgiSi~Ek /E1!

. ~1!

HereN is the number of target electrons, (n
N) is the binomial

coefficient, andEk is the kinetic energy available to the ele
trons if the residual ion is left in thenth ionization state. The
relation between the energy deposited within the atom
the kinetic energyEk carried off by the ionized electrons i
given by

Ek5ET2(
i 51

n

Ei2ER~n!, ~2!

whereEi is the i th ionization energy andER(n) is the re-
sidual excitation of the remaining ion. The dimensionle
parameterg is proportional to the mean-square matrix e
ment of a single ionization~including autoionization, Auger
processes, etc.! and it is supposed that for a multiple ioniza
tion the mean-square matrix element behaves according
power law.

For the factorSn(Ek /Ei) characterizing the density of th
final states a simple expression was obtained@15#:

Sn~Ek!52$~n21!/2%p$n/2%Ek
~3n22!/2/~3n22!!!, ~3!

where$a% means the integer part ofa. All possible ways to
reach the final state withn electrons in the continuum ar
considered as being equivalent. For example, fast Auger
cesses following an inner-shell ionization are also includ
in the consideration.

We note here that the SED model is semiphenomenol
cal because the mean-square matrix elementg is considered
as a parameter. Russek and Meli argued@15# that it should be
close to unity for slow ion-atom collisions. Cocke also us
this value in his calculations@16#. However, it was shown
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2850 56KABACHNIK, KONDRATYEV, ROLLER-LUTZ, AND LUTZ
@15# that in fast processes the parameterg can be much
smaller, of the order of 0.01. We treatedg as a free param
eter that should be chosen from a comparison with exp
ment. From our calculations it follows that for fast ion-ato
collisions the value ofg is much less than unity~see below!
and varies slowly with the projectile charge and energy. T
can be understood because the average matrix eleme
autoionization is to depend on the excitation energy of
system.

B. Calculation of energy deposition
within the local-density approximation

In a collision of a fast structureless charged particle w
one of the target atoms the deposited energy is equal to
electronic energy loss of the particle~with negative sign!.
Being a fluctuating quantity the energy deposition~or energy
loss! is characterized by the mean value and energy st
gling, i.e., the average-square fluctuation. In order to ca
late the average energy loss and the energy straggling we
the well-known model suggested by Lindhard and Sch
@18#, the so-called local plasma approximation or loc
~electron! density approximation~LDA !. In this model each
volume element of the target atom at positionr is considered
to be an independent plasma of uniform densityr5r(r ),
which is equal to the electron charge density of the ato
@We normalize the density to the total number of electrons
the atom:*drr(r )5Z2.#

The electronic energy loss of a particle of chargeZ1 mov-
ing with velocityv in an electron gas of densityr(r ) is @20#

2
dE

dx
~r !5

4pZ1
2

v2
r~r !L„r~r !,v…, ~4!

whereL„r(r ),v… is the usual stopping number. Then the a
erage deposited energy for a certain ion trajectory can
calculated as a linear integral of~4! along the trajectory:

Ē~b!5
4pZ1

2

v2 E
2`

`

dzr~r !L„r~r !,v…, ~5!

where b is the impact parameter and we make use of
straight-line approximation~the z axis is chosen along th
ion-beam directionr5$b,z%). Convenient approximate ex
pressions for calculatingL„r(r ),v… for a free-electron gas
were suggested by Lindhard and Winther@21# within the
framework of the linear-response dielectric formalism. Int
ducing the Fermi velocityvF and plasma frequencyvp for
the local electron gas asvF(r )5@3p2r(r )#1/3 and
vp(r )5@4pr(r )#1/2, the following analytical expressions fo
the stopping number can be written@21#: ~i! for v<vF ,

L„r~r !,v…5C~x!S v
vF~r ! D

3

, ~6!

where

C~x!5
1

2~12x2/3!2F lnS 11 2
3 x2

x2 D 2
12x2/3

11 2
3 x2G ~7!
ri-
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andx251/pvF(r ), and~ii ! for v>vF ,

L„r~r !,v…5 lnS 2v2

vp~r ! D2
3

5S vF~r !

v D 2

. ~8!

The stopping cross section may be obtained by integra
the energy lossĒ(b) over all impact parameters:

S5E d2bĒ~b!. ~9!

Similarly, the energy straggling, i.e., the second mom
tum of the deposited energy distribution, can be calcula
within the Lindhard-Scharff model as a linear integral alo
the trajectory:

WLS
2 ~b!54pZ1

2E
2`

`

dzr~r !
V2

„r~r !,v…

VB
2

. ~10!

Analytical approximations for the straggling in a fre
electron gas were suggested by Bonderup and Hvelpl
@22#: ~i! for v<vF ,

V2
„r~r !,v…

VB
2

5
1

~1113x2!1/2S v
vF~r ! D

2

, ~11!

and ~ii ! for v>vF ,

V2
„r~r !,v…

VB
2

511S 1

5
1

x~r !

A3
D S vF~r !

v D 2

lnS v
vF~r ! D

2

,

~12!

where

VB
254pZ1

2Z2 . ~13!

As it was pointed out by Besenbacheret al. @23#, the en-
ergy straggling calculated in the Lindhard-Scharff mod
should be corrected for the so-called bunching effect or
spatial correlations of the collisions with electrons inside
atom that lead to stronger fluctuation in the energy loss.
have used a simple approximate expression suggested in@23#
to account for the bunching corrections:

W2~b!5WLS
2 ~b!1@ Ē~b!#2. ~14!

The total straggling may be obtained from Eq.~14! as an
integral over all impact parameters

V25E d2bW2~b!. ~15!

C. Calculation of the ionization cross section

Given the mean deposited energy and straggling fo
certain impact parameter, the probability of multiple ioniz
tion can be obtained by a convolution of the probability~1!
with the deposited-energy distribution@14#:

Pn
~N!~b!5E dET8Pn

~N!~ET8 !w~ET8 ,b!. ~16!
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56 2851MULTIPLE IONIZATION OF ATOMS AND MOLECULES . . .
Then the total cross section of multiple ionization is

sn5E d2bPn
~N!~b!. ~17!

As we have found by numerical calculations, the particu
functional form of the normalized energy distributio
w(ET8 ,b) is not crucial for the final results provided the p
rameters of the distribution are fitted to give the correct va
of mean energy loss and straggling. For ion-atom collisio
the energy-loss spectra should decrease according to a p
law in the limit of high excitation energies. This behavior
due to the root discontinuity of the electronic wave functio
in the presence of asingleCoulomb center~cf. @24,25#!. As
a particular functional form we have chosen the parame
zation

w~ET ,b!5N
ET

n

~ET1E0!a
, ~18!

whereN is a normalization factor

N5
G~a!E0

a2n21

G~a2n21!G~n11!
, ~19!

G(x) denotes the gamma function, andn, E0, anda are the
fitting parameters that are fitted to give the correct value
mean energy loss and straggling for each impact param
~for the powern>1 the minimal possible integer value
taken anda.n13). The shape~18! of energy-loss spectra
is very similar to the experimental observations for fast io
scattered by noble-gas atoms@26#. We note, however, tha
such a parametrization for the deposited-energy spe
should in principle fail in the case of ion-molecule collisio
since the electronic structure of molecules is defined by
least two Coulomb centers. In such a case, the Gaus
shape of the deposited-energy distribution is expected to
preferable.

III. COMPUTATION DETAILS AND SAMPLE RESULTS

In the calculations described below, the electron den
distributionr(r ) has been calculated for the ground state
the target atom in the Hartree-Fock-Slater~HFS! approxima-
tion @27#. With this density distribution, using expressio
~5!, ~10!, and ~14! we have calculated the mean deposit
energy and the straggling of the deposited energy as fu
tions of the impact parameter. The HFS approximation
also been used for calculating the ionization potentialsEi for
ions in each ionization state. The ionization potential is tak
to be equal, according to the Koopman’s theorem, to
binding energy of the least bound electron in the ion. T
obtained values have been used for calculating the prob
ity ~1! of ionization for a given deposited energy. The co
stant g has been considered as a free parameter, its v
being fitted to give good agreement with the experimen
cross section ratios. The excitation energy of the residual
has been ignored. In the absence of any information conc
ing the excitation state of the residual ion it is possible o
to estimate its importance in some limiting case@16#. Our
experience shows that the influence of the excitation ene
r
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can be compensated for by a proper choice of the param
g.

The probability of multiple ionization, differential with
respect to the impact parameter, has been calculated
convolution~16! of the probability~1! with the distribution
~18! of deposited energies, characteristic for each of the
pact parameters. Finally, the total cross sections for mult
ionization have been calculated by integration over all i
pact parameters. In the following some sample results
presented.

A. p-Ne collisions

The advantage of the statistical model developed is th
can be used to describe the collisions of heavy multichar
ions with heavy atoms or other multielectron targets~mol-
ecules, etc.! where no reliable theoretical methods are ava
able. However, for illustration we first consider a much si
pler example: the ionization of Ne atoms by proton impac
an energy of 1 MeV. In this case the first-order perturbat
theory is applicable and the IPM is commonly assumed to
a rather good approximation for describing the double a
triple ionization@6#. It is therefore interesting to compare th
SED model calculations with those made by other metho
In addition, there are experimental data in abundance for
collision system.

The transferred energy and energy straggling calcula
within the LDA for p-Ne collisions atEp51 MeV are pre-
sented in Fig. 1~solid lines! as functions of the impact pa
rameter. We compare these results with the model calc
tions based on the semiclassical approximation@28# ~dashed
lines!. The latter model, suggested in 1988@29#, is in fact an
application of the SCA to the calculations of the impa
parameter dependence of electronic energy loss and s
gling within the IPM. The energy loss is calculated sep
rately for each atomic subshell and then summed over
subshells of the target atom. One can see from Fig. 1 tha
two models agree reasonably well at least in the region
impact parameters around 1 a.u., which gives the main c
tribution to the total cross sections. At smallb the LDA
predicts a larger energy loss than the IPM. This leads t
somewhat larger ionization probability. At large impact p

FIG. 1. Impact-parameter dependence of~a! the mean deposited
energy~energy loss! and~b! the energy straggling for proton colli
sions with Ne atoms at the initial energy 1 MeV. Solid lines, c
culations in the LDA; dashed lines, calculations in the SCA@28#.
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2852 56KABACHNIK, KONDRATYEV, ROLLER-LUTZ, AND LUTZ
rameters the LDA model strongly underestimates the m
energy loss. However, here the energy deposition is v
small and can hardly influence multiple ionization. The in
grated energy loss computed within the LDA agrees w
with the experimental data. Here we note that the SCA c
culations for Ne are probably not very reliable. At least f
lower energies (Ep5100 keV! the impact-parameter depen
dence of energy loss and straggling calculated within
SCA @28# has failed to describe accurately the experimen
data @26#. For heavier noble-gas atoms Ar, Kr, and Xe t
agreement is much better. At the same time the LDA cal
lations agree better with the SCA for heavier atoms@28#.

Figure 2 shows the calculated probability of sing
double, and triple ionization of Ne by proton impact as
function of the impact parameter. For each ionization st
three different models are compared. The solid curves s
the results of calculations within the statistical energ
deposition model with energy deposition calculated in
LDA ~see the solid curves in Fig. 1!. We label this result the
SED LDA. The long-dashed curves show the results of S
calculations also, but with the energy deposition calcula
with the SCA model~dashed curves in Fig. 1!. Finally, the
short-dashed curves are the results of calculations within
IPM @3#. These latter curves are very close to the results
analogous calculations by Ben-Itzhaket al. @6#. The only dif-
ference is that we calculated the single-particle-ionizat
probabilities with the HFS wave functions of Ne, whereas
@6# the scaled hydrogenic results of@30# were used. The re
sults of the IPM have been corrected for the contribution
Auger decay of theK-shell vacancy, which, in principle, is
included in the SED type of calculations. The corrected
sults are shown by the dotted curves that coincide with
short-dashed curves at the impact parametersb.0.5 a.u. The
comparison of the results shows that qualitatively the S
calculations agree with the IPM results. However, the S
model predicts probabilities that are larger at small imp
parameters and decrease more steeply with increasing im
parameter. Qualitatively, a steeper behavior of the SED
sults is a consequence of a correct allowance within the S
model for an increasing ionization potential for high

FIG. 2. Probabilities of single, double, and triple ionization
Ne atoms by 1-MeV proton impact as functions of the impact
rameter. Solid curves, calculations within the SED-LDA mod
long-dashed curves, SED-SCA model; short-dashed curves, I
SCA model~see the text for explanations!; dotted curves, IPM-SCA
calculations corrected for the contribution ofK-shell Auger transi-
tions.
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charged states of the target atom.
The total cross sections calculated within the three mod

described are presented in Table I together with the exp
mental data@31#. The agreement of calculations for the si
gly and doubly ionized states with the experiment is rat
good. The cross section for triple ionization is overestima
by all three models. Note, however, that earlier measu
ments @32# gave higher cross sections close to theoreti
values. We remind that in SED calculations there is a f
parameterg that we have chosen to beg50.01 in all dis-
cussed results.

Concluding this subsection, we note that the SED cal
lation for this simple case gives similar results to the co
ventional IPM with the single-electron-ionization probabili
calculated within the SCA and agrees well with the expe
ment.

B. F41-Ne collisions

Our second example is the multiple ionization of Ne
oms by F41 ions at 1 MeV/amu. In this case an applicatio
of the IPM with single-particle probabilities calculated
perturbation theory is at least questionable because the p
ability of ionization is not small.

We calculated the multiple-ionization probabilities an
the cross sections within the SED-LDA model with one a
ditional assumption. We supposed that the F41 ion can be
considered as a point chargeZ154. The radius of the F41

ion is about 0.2 a.u.; therefore, at least for impact parame
larger than 0.2 a.u. this should be a reasonable approx
tion. Below ~see Sec. IV! we discuss the possibilities to im
prove the calculations and to account for the dimension
the projectile electron cloud.

FIG. 3. Probabilities of multiple ionization of Ne atoms in co
lisions with 1-MeV/amu F41 ions as a function of the impact pa
rameter, calculated within the SED-LDA model.

-
;

-

TABLE I. Total cross sections~in 10217 cm2) for multiple ion-
ization of Ne by 1-MeV proton impact.

IPM SED SCA SED LDA Expt.a

s1 6.0 5.0 6.3 5.76 0.6
s2 0.22 0.14 0.14 0.136 0.02
s3 0.012 0.019 0.017 0.0046 0.002

aReference@31#.
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Figure 3 shows the probabilities of multiple ionization
functions of the impact parameter. Qualitatively, our resu
are similar to the results obtained for the Ne1011 Ne colli-
sions in the IPM@9,6# and for the Cl911 Ne collisions in
the SED model@16#. The probability functions are peaked
different values ofb. At least for single, double, and tripl
ionization the contributing impact parameter ranges
somewhat different, forming windows in impact-parame
space for the various degrees of multiple ionization. F
higher stages of ionization the distributions are peaked
b50. Note that in our model the windows are broader th
in the IPM calculations@6# and early SED calculations@16#.
This may be partly explained by a large straggling of t
deposited energy. To illustrate this statement and to dem
strate the role of the energy straggling in forming the pro
of the probability function, we show in Fig. 4 the resu
similar to Fig. 3, but calculated disregarding straggli
(V250). Evidently, the windows are now more pronounce
the single-ionization probability increases stepwise at ab
b52.0 a.u., where the energy loss has become equal to
first-ionization threshold.

In Fig. 5 the calculated multiple-ionization cross sectio

FIG. 4. Same as in Fig. 3, but calculated disregarding the st
gling of the deposited energy.

FIG. 5. Cross sections for multiple ionization of Ne atoms
1-MeV/amu F41 ion impact. Diamonds connected by lines, SE
LDA calculation; squares, experimental data from@33#.
s

e
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~normalized to the single-ionization cross section! are com-
pared with the experimental data@33#. The overall agreemen
is very good. The single-ionization cross section obtained
the SED-LDA model is 2.32310216 cm2, in reasonable
agreement with the measured one, (4.361.3)310216 cm2.
In the calculations for the F41 case the parameterg was
taken to beg50.012, which is close to the value obtained f
the p1Ne case.

IV. CONCLUSION

We have described an extended version of the statis
energy-deposition model and demonstrated its applicat
to multiple ionization in fast ion-atom collisions. Using th
LDA for the calculation of the energy transfer and the sta
tical distribution of the transferred energy, we obtained
realistic description of this process. For the case ofp-Ne
collisions in the domain of the SCA, our model compar
favorably with the IPM results and agrees well with expe
ment. It turns out to be adequate also in the more comp
case of F41-Ne collisions. Thus we can conclude that th
SED-LDA model can serve as a good tool in studying f
ion-atom collisions.

Our main goal, however, was to suggest a model that
be easily extended to ion collisions with more complicat
structures: molecules, clusters, etc. This goal has been
complished by introducing the local-density approximati
for calculating the energy deposition. In this approximati
the target is characterized by the ground-state electron
sity only. Therefore, this approach can be easily extende
the case of ion-molecule collisions provided the electr
density of the target molecule is known. We plan to pres
an application of the model to multiple ionization of mo
ecules in our next paper@19#.

The model developed suggests several other possibili
For example, it is easy to consider the differential cross s
tions of various multiple-ionization channels. In fact, in th
lower-energy range the SED model was already applied
description of differential cross-section measurements@13#.
Using the model described above, one can easily calcu
the differential cross section by transforming the impa
parameter-dependent probability into the scattering-an
dependent cross section. Such calculations could be inte
ing for the interpretation of recent experimental data at h
energies@34#.

Another important generalization that can be easily do
within the SED-LDA model is studying the ionization pro
duced not by ‘‘bare’’ structureless particles but by ions c
rying their own electrons that effectively screen the nucl
charge. The screening effect, which is impact parameter
pendent, can be easily incorporated into the develo
scheme of calculations using the modification of the LD
method suggested by Ferrell and Ritchie@35# and by Brandt
and Kitagawa@36# ~see also@37# and references therein!.
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