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Theory of average charge and energy loss of cluster ions in foils

Toshiaki Kaneko
Department of Applied Physics, Okayama University of Science, 1-1 Ridai-cho, Okayama 700 0005, Japan

~Received 10 June 2002; published 20 November 2002!

We study the average charge and the electronic energy loss of the swift~but not relativistic! clusters in a
solid. A self-consistent average-charge theory for clusters in foils is presented on the basis of the fluid-
mechanical model. Here the electron stripping rate is evaluated not only for an isolated ion, but also for cluster
ions under the same background by taking into account the binding effect of the surrounding ions. This theory
can elucidate very well not only the reduction of the cluster average charge per ion, but also its cluster-size and
foil-thickness dependences of the recent data for the MeV/atom carbon clusters (Cn) in carbon foils. The
structure dependence is also proposed theoretically. In spite of the average-charge reduction, we can reconcile
the enhancement of the energy losses of the corresponding clusters. The cluster energy losses with the inclusion
of the Coulomb explosion by the wave-packet model is in much better agreement with the data at energies of
1–5.65 MeV/atom. Consistent agreement both in the diminution of average charge and in the enhancement of
energy loss supports that the charge-state bulk effect is dominant in the cluster average charge.
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I. INTRODUCTION

Since ion accelerators were widely applied to ion-mate
interaction, the charge-state distribution~CSD! of energetic
ions emerging from a material has been one of central p
lems, especially at intermediate velocities where the bo
electrons are partially stripped off. The reason for it is w
charge states directly determine the coupling strength of
electromagnetic force in ion-material interactions. For hea
ions, as many charge states would incorporate, the exp
mental CSD data have been semiempirically analyzed
using statistical models, e.g., a Gaussian distribution@1# and
a x2 distribution@2#. The first moment of the CSD, which i
called the average charge, is often a more typical param
than the CSD itself. For example, theZ1 ~projectile’s atomic
number! @3# and theZ2 ~target’s atomic number! oscillations
of the average charge were reported@4#, which reflects the
electronic shell structures. Such oscillations were also
served for the light-ion incidence@5#. From a microscopic
point of view, the CSD is governed by the electron-capt
and -loss processes. According to a theoretical study@6#, the
appearance of this oscillatory structure is due to the osc
tory behavior of the quasiresonance electron-capture c
section. It is well known that the average charge of an
will attain to the equilibrium state after the ion penetrate
sufficiently thick target, as the memory of the initial char
state was completely lost. In the intermediate-energy reg
~more than a few keV/u but nonrelativistic!, the equilibrium
average charge depends mainly on the ion velocity, no
strongly dependent of the target materials. Even if a sm
oscillation would exist, the overall average-charge data co
be well scaled by the velocity and the atomic number of
incident ion.

So far, there are several reviews on the experimental
theoretical results on the CSD and the average charge@7#.
Experimental data were well compiled by several auth
@1,8#. Several empirical scaling formula for the avera
charges were presented for the single-particle inciden
Bohr @9# presented a simple formula based on the veloc
1050-2947/2002/66~5!/052901~13!/$20.00 66 0529
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stripping criterion, where the average chargeq of the ion
with atomic numberZ is proportional to the ion velocityV as
long asq is less than half ofZ. In order to get a formula
applicable up to higher velocities, Betz extended Bohr’s f
mula by considering the velocity distribution of the boun
electrons in the Thomas-Fermi model@10#. From an empiri-
cal data fitting, Dmitriev and Nikolaev@11# proposed a
velocity-dependent formula which is different from the
two models. In close atomic collisions at relatively low co
lision energies, Meron and Rosner@12# presented a
compound-atom model for the CSD. Here the CSD is
sumed to be in equilibrium even in a single collision with
target atom.

Apart from monoatomic ions, recent interest has been
cused on the high-energy polyatomic ions, or, cluster pro
tiles. Ion clusters and highly charged biomolecules have b
accelerated at high energies~e.g., 10 MeV–1 GeV! @13#.
There will be new phenomena taking place in electronic
citations. One of our interest is the dependence of the
duced electron excitation and related phenomena on
number of ions in the cluster. The subjects to be studied
this field are wide ranging: fragmentation of the cluste
@14–16#, breakup due to the Coulomb explosion@17#, energy
loss or energy deposition in a target@18–22#, and cluster
multiple ionization@23#. In these phenomena, the resulta
effects induced by the incident cluster are expected to
much stronger than those by a single ion, due to strong s
tial correlations in the electron excitation. There the avera
charge of the projectile inside a target plays the main ro
Quite recently, a very remarkable result was reported on
cluster average charge by Brunelleet al. @24#. They found
that the average charges per ion of the MeV carbon clu
ions Cn

1 (n53 – 10) transmitting carbon foils were signifi
cantly lower than those of single ions with the equivale
kinetic energy per atom. They also found that this diminuti
of the average charge was enhanced with increasing
number of constituent atoms in the cluster. Moreover, as
foil thickness increases, this effect tends to vanish and
cluster average charge per ion approaches the single-pa
©2002 The American Physical Society01-1
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average charge with the equivalent velocities. This was
motivation to investigate whether it is possible to reconc
the cluster effect problem between the energy loss and
average charge in the carbon-cluster impact phenomena@25#.
As for the reduction of the cluster average charge, sev
works were recently presented@26–29#. The basic treatmen
of the work @28# is an application of the Brandt-Kitagaw
model@30#. The atom correlation of the cluster in matter w
simulated @29#. As for the energy loss, they treated N2
molecular-ion incidence@28#.

The aim of the paper is to present a theory of the clus
average charge in the bulk, which is able to explain the
sults by Brunelleet al., and to reconcile, in practice, th
cluster effect in the average charge with the cluster effec
the energy loss. Here we develop our theory on the ba
ground that the cluster average charge is described within
same framework as the single-ion average charge, excep
special remarkable points needed in the cluster case.
have to be able to consistently explain the average cha
not only of the single ion, but also of the cluster. Moreov
the bulk average charge of the cluster should be conne
with the energy loss in the bulk. In Sec. II, the present th
ries on the cluster-average charge and on the cluster en
loss are described in detail. Section III is devoted to pres
ing the numerical results, comparison with the experimen
data, and discussion. Throughout this paper,m, e, and\ de-
note, respectively, the electron rest mass, the elemen
charge, and the Planck constant divided by 2p. In addition,
we use the Bohr radius and the Bohr velocity denoted
a05\2/me250.529310210 m and v05e2/\52.19
3106 m/s.

II. THEORY

Here we present a theory that can give the aver
charges of not only the single-particle ions, but also of
cluster ions on the same theoretical background. First,
start with considering the case of the single particle pene
ing a foil. After that, the case is considered of the clus
incidence, in which both the effect of surrounding ions a
the self-consistency are needed to determine the ave
charge of each constituent ion. After stating the Coulo
explosion process, we finally give the cluster-energy-loss
mula in the dielectric formalism.

A. Average charge of a single ion in a foil

First we consider the stripping rate of the bound electr
on the projectile of atomic numberZ moving with velocityVW
inside a solid foil. Let us denote byvW the velocity of a bound
electron on the projectile at rest. When the projectile ente
solid foil, the bound electrons undergo collisions with t
target electrons and/or nuclei and some of them will be
cited or stripped off. Here we adopt the fluid-mechani
picture, in which the flow velocity experienced by su
bound electrons is2VW in the rest frame of the projectile
Therefore, the velocity of such an excited electron chan
from vW to vW 2VW in the rest frame of the projectile. Thus, th
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excitation occurrence will be restricted to the case where
following energy condition is fulfilled:

1
2 n~vW 2VW !2. 1

2 mv21I . ~1!

HereI denotes the activation energy to be applied to vario
cases. The velocity distribution functionf (vW ) of the elec-
trons in a neutral atom with atomic numberZ is determined
by the maximum entropy principle under the conservation
the total numberZ of electrons and the total kinetic energyE,
where

Z5E dvW f ~vW !, E5E dvW 1
2 mv2f ~vW !. ~2!

Introducing the Lagrange undermined multiplier metho
we seek a functionf (vW ) that makes maximum the following
quantityW:

W52E dvW f ~vW !lnf ~vW !1c1HZ2E dvW f ~vW !J
1c2HE2E dvW 1

2 mv2f ~vW !J . ~3!

Here c1 and c2 are the undermined constants. After som
algebra, we finally obtain the solution

f ~vW !5ZS a

p D 3/2

exp~2av2!, ~4!

together witha53/(2^v2&) and

^v2&5
1

Z E dvW v2f ~vW !. ~5!

Next, let us evaluatêv2&. The total kinetic energyEk of
electrons in the atom is statistically evaluated as

Ek5A
Z5/3

L2 S e2

a0
D , ~6!

using the Thomas-Fermi-Moliere~TFM! electron distribu-
tion

r~rW !5
Z

4pr (
j 51

3

a j S b j

L D 2

expS 2
b j r

L D . ~7!

In the above equation, the values of parameters area1
50.10, a250.55, a350.35, b156.0, b251.20, b350.30,
and the screening length is given byL50.8853Z21/3a0 . The
constantA is expressed as

A5
3

10S 3p

4 D 2/3E
0

`

dt t1/3F (
j 51

3

a jb j
2 exp~2b j t !G5/3

50.4279.

Here we can prove the virial theorem, i.e.,Ek52 1
2

(Eee1Ene), whereEee andEne denote the electron-electro
interaction and the nucleus-electron interaction, respectiv
Then we have the total energyEtotal5Ek1Eee1Ene5
1-2
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THEORY OF AVERAGE CHARGE AND ENERGY LOSS OF . . . PHYSICAL REVIEW A 66, 052901 ~2002!
2Ek . From the expression~6!, the average kinetic energ
per electron is straightforwardly found to be

Eb5Ek /Z50.546Z4/3S e2

a0
D . ~8!

Here we should connectEb with 1
2 m^v2&. Therefore the

root-mean-square velocity per electron reduces to the a
age velocityVb of the bound electrons in a single atom su
as

A^v2&5Vb5A2Eb /mv051.045Z2/3v0 . ~9!

Up to here, we determined the physical parametea
53/(2Vb

2) that governs the velocity distribution@Eq. ~4!# of
the bound electrons in an isolated atom. The average ch
Q of the isolated atom can be evaluated by counting
number of electrons stripped off from the atom after scat
ing. Then we have the following expression:

Q5E dvW $ f ~vW !2 f ~vW 2VW !%. ~10!

The integration above should be performed only in
region of vW that fulfills the condition f (vW )> f (vW 2VW ) to-
gether with Eq.~1!. After evaluating the integration, one fi
nally has the following expressions withVI5A2I /m:

Q/Z5 1
2 P~y2 ,y1! for V,VI , ~11!

and

Q/Z5 1
2 @P~0,y2!1P~0,y1!# for V.VI , ~12!

where

y25A3

8

uVI
22V2u
VVb

, y15A3

8

VI
21V2

VVb
, ~13!

and

P~x,y!5
2

Ap
E

x

y

dt exp~2t2!. ~14!

When I 50 ~i.e., VI50), Eqs.~11! and ~12! reduce to

Q/Z5P~0,y! ~15!

with

y5A3

8

V

Vb
. ~16!

B. Average charge of a cluster ion in a foil

In this section we present the average charge theory
the cluster ions in a foil, which was developed on the th
retical basis given above. Our motivation to solve the pr
lem is inspired by the molecule binding energy. As the si
plest example, let us consider the H2

1 , where the electron is
bound by two protons. This is a typical example of the s
05290
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called two-center problems. As is well known, the groun
state energy of an electron in a hydrogen atom at res
vacuum is213.6 eV. On the other hand, the ground-sta
energy of an electron in H2

1 is about 228 eV @31# ~the
nuclear-nuclear repulsion energy is not taken into accou!.
This enhancement of the electron binding energy is due
one more proton participating in binding the electron mo
strongly. One can see from this example that the more
number of the Coulomb attractive centers existing, the str
ger the binding effect acting on the electron becomes. T
conjecture is generally valid for the ground-state configu
tion so that we can expect the cluster projectile to be trea
in this way. Thus the problem is reduced to how to invol
the effect of neighboring ions around a given ion. O
simple and practical prescription is to estimate the extra
teraction energy between the electrons on the host ion
the surrounding ions.

According to the perturbation treatment, the surround
ions can affect the electron binding energy, and quant
mechanically speaking, it will be estimated as a shift of t
energy level considered. In order to make the treatm
simple, let us suppose only one ‘‘impurity’’ ion with atomi
numberZ2 , andN2 electrons located at a distanceR from the
host ion at the origin, since generalization to many ‘‘imp
rity’’ ions is straightforward. Now we assume the host io
with atomic numberZ bindsN electrons, the spatial distribu
tion of which is described by the modified TFM distributio
as

r~rW !5
N

4pr (
j 51

3

a j S b j

L D 2

expS 2
b j r

L D , ~17!

whereL is the size parameter of the electron cloud. Let
evaluate the interaction energyDU between the impurity ion
and the electron on the host ion. The formal expression
given by

DU~R!52e2E drW r~rW1RW !V~rW !, ~18!

whereV(rW) denotes the electric scalar potential created
the partially stripped impurity ion. In the TFM form, one ha

V~rW !5
Q2

r
1

Z22Q2

r (
j 51

3

a j expS 2
b j r

L2
D ~19!

with Q25Z22N2 andL2 is the size parameter of the impu
rity ion. After carrying out the integration, we finally obtai

DU~R!52
NQ2e2

R (
j 51

3

a j H 12expS 2
b jR

L D J 2
NN2e2

R

3(
j 51

3

(
i 51

3

a ja i

expS 2
b iR

L D2expS 2
b jR

L2
D

S L

L2
D 2S b i

b j
D 2

21

.

~20!
1-3
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It is natural that the separationR between the host and th
impurity is usually larger than the size parametersL andL2
of the electron clouds, Eq.~20! reduces to the result of th
point-charge model:DU(R)52NQ2e2/R. This result is
straightforwardly extended to the case where an arbitr
number of impurity ions exist around the host ion. Th
summing up the contributions of the individual surroundi
ions, we have a more general expression

DU52N(
i

Qie
2

Ri
, ~21!

whereRi denotes the distance between the host ion and
i th ion with chargeQie. The quantity~21! is the interaction
energy added to the binding energy for an isolated ion@Eq.
~8!#. As a consequence, the influence of the surrounding
gives rise to the increase in the average binding energy
electron of the host ion as follows:

Eb50.546Z4/3
e2

a0
1

uDUu
N

. ~22!

This modified binding energyEb plays a key role in the
cluster-average-charge theory. As is the same as for
single-ion incidence, we can develop the theory on the b
of the fluid-mechanical model. Here what we have to do is
replace theEb in Eq. ~8! by the expression of Eq.~22!. This
replacement leads us, instead ofVb in Eq. ~9!, to the follow-
ing modification:

Vb,m5S 230.546Z4/31(
i

2Qi /r i D 1/2

v0 , ~23!

wherer i5Ri /a0 .
Now we can arrive at the theoretical formula for the clu

ter average charge. For convenience, let us summarize
derived formula in somewhat abbreviated form. The aver
chargeQi of the i th ion located at positionRi with atomic
numberZi is given by

Qi /Zi5P~0,yi !, ~24!

with

yi5S 3

8D 1/2 V

Vb,i
, ~25!

Vb,i5S 1.092Zi
4/31 (

j ~Þ i !

2Qj

urW j2rW i u D
1/2

v0 . ~26!

It is noted that the summation in Eq.~26! should be taken
over the surrounding~excluding thei th ion! ions. These re-
sults Eqs.~24!–~26!, present the very important aspect th
the average charge of each ion depends on both the ave
charges of other ions and their positions. It means that e
for diatomic molecular ions the average charge will be d
ferent from the single atom at equivalent velocities. Th
arises the question of how the average charge per ion va
by increasing the number of constituent atoms in the clu
05290
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and depending on the spatial structures, etc. We will g
answers to these questions in Sec. III

C. Self-consistent calculation

Before going to numerical estimation, we would like
briefly summarize the result. First, we presented the avera
charge value of the single ion in a material, based on
fluid-mechanical model. The kinematic parameter for t
single-ion incidence is solely the ion velocityV. As for the
cluster incidence, on the other hand, not only the ion vel
ity, but also its structure becomes important. At the sa
time, the average binding energy per electron, which is
characteristic parameter in the theory, reflects the struct
dependent binding effect of surrounding ions in the clus
Let us determine the average charge of the cluster ions, c
posed ofn atoms. The average chargeQi of the i th constitu-
ent ion is determined by the average binding velocityVb,i ,
while the Vb,i includes the average charges, i.
Q1 ,Q2 ,...,Qi 21 ,Qi 11 ,...,Qn , of all other constituent ions
Therefore,Qi can be symbolically written as a function o
Q1 ,Q2 ,...,Qi 21 ,Qi 11 ,...,Qn as

Qi5Qi~Q1 ,Q2 ,...,Qi 21 ,Qi 11 ,Qi 12 ,...,Qn!

( i 51,2,3,...,n).

This means that a set ofQi ’s must be determined self
consistently. Moreover, due to the Coulomb explosion,
mutual distances of ions evolve with the dwell time in a fo
or the penetration depth~here we assume the ion trajectory
be a straight line!. ThenQi ’s are also the implicit functions
of the penetration depth. To solve the above equation,
iterative calculation must be done till all the computed valu
are convergent enough. In practice, we confirmed that
calculatedQi ’s were convergent within 1% accuracy whe
the iteration was repeated seven times. As will be seen la
this accuracy is enough to discuss the foil thickness dep
dence of the cluster average charge. Finally we empha
that this self-consistent method can rather precisely pre
the average charge of the cluster in the bulk even in the c
where the internal Coulomb forces act on the cluster itse

In order to derive a characteristic cluster average cha
we define the average charge per ion,Q(n), for the cluster
Cn by

Q~n!5S (
i 51

n

Qi D Y n. ~27!

Later this quantity will be compared with the average cha
Q(1) of a single C ion. As shown in Sec. III,Q(n) is always
smaller thanQ(1) in relatively thin foils, andQ(n) ap-
proachesQ(1) with increasing foil thickness. We just ca
the former feature the cluster effect in the average charg

D. Expansion of a cluster—Coulomb explosion

In general, as the swift polyatomic projectile enters t
target material, the bonding electrons will be stripped off a
constituent atoms in a cluster are positively charged in a
1-4
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THEORY OF AVERAGE CHARGE AND ENERGY LOSS OF . . . PHYSICAL REVIEW A 66, 052901 ~2002!
region ~a few nanometers for the MeV/atom ions!. Then
takes place the so-called Coulomb explosion process
converts the internal repulsive potential energy into the
netic energies of the constituent ions, keeping the total
ergy constant in the center-of-mass frame. For two-at
~ion! systems, by solving the Newtonian equation, the exp
sion rate of the mutual distanceR can be obtained analyti
cally @32#. On the other hand, for a polyatomic system, it
impossible to obtain analytical solutions except for spec
cases. In a special system, however, we can obtain the
lytical solution as follows. Let us consider the homonucle
polyatomic projectile where all ions have the same aver
chargeQ and the same massM. In addition, the structure is
highly symmetric, i.e., a ring structure on a plane with t
equal nearest-neighbor distanceR. In this case, the time evo
lution of R can be analytically solved as

t5AjAj211 ln~Aj1Aj21!,

where t5t/t0 and j5R/R0 are the reduced time and th
reduced separation, respectively, andR0 is the initial nearest-
neighbor distance. The characteristic time is defined byt0

5@R0
3M /(2FQ2)#1/2, where the factorF depends on the

numbern of atoms in the projectile and on their structu
such as

F52UsinS p

n D U3

(
i 51

n21
1

UsinS ip

n D U .

In Table I, we tabulate the values ofF for several ring struc-
tures.

We would like to treat the motion of more than thre
atoms so that the expansion rate of the mutual distance
estimated by means of a molecular-dynamics simulation
the stochastic fluctuations are all neglected, the motion of
Coulomb expansion would be uniform. Then the relative d
tanceRi j of a given pair of ions in the cluster will be gov
erned by the conversion process of the initial electrost
potential energyqiqj /Ri j with Ri j 5uRW i2RW j u into the kinetic
energy of the relative motion. It is obvious that this proce
is independent of the elastic collision between the projec
and the target atom. Thus the Coulomb explosion is the m
mechanism of the self-expansion~or self-destruction! of the
cluster in the foil. We assume here the bare Coulomb in
actions since swift ions with velocities greater than the Fe
velocity ('1.3v0 for the carbon target! cannot be screened
or, even if so, screened only a bit, by the conduction el
trons.

TABLE I. Values ofF againstn.

n 2 3 4 6

F 2 3 41&

2
5
4

1
)

3
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E. Electronic energy loss of a cluster in a foil

We describe the electronic energy loss of cluster ions i
foil. Our scenario is the following.

~1! The foil is devided by thin computational layers. Th
lost energy in thel th layer is given byDEl5NSlDxl , where
N, Sl , andDxl denote, respectively, the number density
target atoms, the electronic stopping cross section for
cluster, and the thickness of thel th layer.

~2! The constituent atom positions and their velocities
input first, and their average charges are calculated s
consistently. Next, the electronic stopping cross section
calculated under this spatial configuration of the cluster. T
cluster is assumed to be randomly oriented so that the
on the relative distances are only significant in the ener
loss calculation. This is a series of the computation cycle

~3! In the next computational layer, the expanded inte
onic spacings due to Coulomb repulsive forces are first e
mated by employing the Runge-Kutta method. After that,
self-consistent average charges and the energy loss o
expanded cluster are calculated in the similar manner as
previous step.

~4! By repeating the above computation cycle layer
layer, we finally obtain the total energy loss of the clus
after passing through the foil.

In the above energy-loss estimation, the key role in
energy loss is played by the electronic stopping cross sec
S for the cluster. There contribute two kinds of electron
excitations, i.e., the core-electron excitation and
conduction-electron excitations. In order to estimateS, we
adopt the wave-packet treatment@33#, where both excitations
are treated in the dielectric-function formalism. So far, th
method provided fruitful results on the electronic stoppi
cross section of gaseous and solid targets not only for sin
ions, but also for molecular ions over a wide energy ran
The excitation of conduction electrons is characterized
the random-phase approximation dielectric function, wh
the core excitation is characterized by the new dielec
function, derived for the Gaussian occupation probabi
@33#. Apart from those explicit forms, we start with the fo
mal expression of the dielectric functione (k,v), which is
common to both excitations. Then the electronic stopp
cross section for the clusterS is given as follows:

S5
1

2p2V E dkW

k2 urext~kW !u2E dv v ImF 21

e~k,v!Gd~v2kW•VW !.

~28!

Here rext(kW ) denotes the Fourier transform of the clust
charge densityrext(rW)5e( i@Zd(rW2RW i)2r i(rW2RW i)#, where
RW i is the position vector of thei th ion in the center-of-mass
frame of the cluster moving with constant velocityVW in the
material, andr i (rW2RW i) denotes the spatial distribution o
electrons attached to thei th ion. In this expression, the clus
ter charge density is assumed to be given by the overla
isolated partially stripped ions. In addition, we explicitly tak
into account neither the cluster orientation nor the anisotr
of r i (rW2RW i). Therefore the quantityurext(kW )u2 is replaced
by its orientation average
1-5
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^urext~kW !u2&5e2(
i

F $Z2r i~k!%21 (
j ~Þ i !

$Z2r i~k!%

3$Z2r j~k!%
sin~kRi j !

kRi j
G ,

whereRi j is the relative distance between thei th and thej th
ions. Herer i ~k! is the Fourier transform of the spherical
averagedr i (rW). Here in order to describe rather reasona
and without complexity, we adopt the Thomas-Ferm
Moliere-type distribution with atomic numberZ andN bound
electrons. One finally obtains with the screening constanL
50.6269N2/3a0 /(Z2N/7) the following expression~see the
Appendix!:

r~kW !5N(
j 51

3 a jb j
2

b j
21L2k2 . ~29!

As the target material is assumed isotropic, we rewriteS in
Eq. ~28! as

S5
2

pV2 E
0

` dk

k E
0

kV

dv v ImF 21

e~k,v!G^urext~kW !u2&.

~30!

The expressions~28! and ~30! hold sound in the adiabati
case where the time evolution of the internal motion~e.g.,
the coulomb explosion! is slow enough, compared with tha
of the center-of-mass motion. This is the case considere
this paper. The stopping cross sectionSper atom in Eq.~30!
is given by the sum of the partial shellwise stopping cro
sections. More details of this calculation method are
scribed in another paper@34#.

In general, the stopping cross section for the cluster
the resultant energy loss are different from the correspond
quantities for the single ion multiplied by the number
atoms in the cluster. This is caused by the interference te
in the ^urext(kW )u2&. Such a difference in the stopping for th
cluster and for the single ion is called the cluster effect in
energy loss. To investigate this effect, it is convenient
compare the energy lossDE(n) of a penetrating Cn cluster
with the energy lossDE(1) of the single C ion at the equiva
lent velocity. So far, two standards have been adopted: on
the absolute difference in the energy loss per ion,RE1 , de-
fined by

RE15DE~n!/n2DE~1!, ~31!

and the other is the relative ratio of the energy loss per
RE2 , defined by

RE25DE~n!/@nDE~1!#. ~32!

We recognize that the positive~negative! cluster effect
appears whenRE1.0 (RE1,0) or RE2.1 (RE2,1). In
the following section, the calculated results are presen
along this line, and compared with the recent experime
data.
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III. RESULTS AND DISCUSSION

In this section, we show the theoretical results both on
cluster average charge and on the cluster energy loss,
compare them with the recent experimental data. First,
show the average charge of the single ion in foils. As
general feature, the average chargeQ of the single ion with
atomic numberZ depends very weekly on the target materi
and solely on the ion velocityV. This is a widely and com-
monly known result. Moreover, the average charge for va
ous monoatomic ions is also well known to be scaled b
statistical parameter@1,8#. This is the background in which
we present the statistical picture, where the average orb
velocity per electron is characterized by the factorZ2/3v0 .
Now the fractional average chargeQ/Z is well scaled as a
function of the ion velocityV divided byZ2/3n0 , as expected
from Eqs.~9!,~15!, and~16!. Figure 1 shows this fact for the
single carbon ion penetrating carbon foils. The experimen
data are cited from the papers of Shimaet al. @8# and
Brunelleet al. @24#. Here we do not cite much experiment
data in order to especially compare in detail the cases
carbon ions and also to avoid complexity. The agreem
between the theoretical and the experimental results is ra
good over a wide range of velocity, though the calcula
values are a bit larger than the data around at the redu
velocity V/Z2/3n052. Especially, the data obtained b
Brunelleet al. @24# almost completely coincide with the the
oretical ones. Before the calculation of the cluster aver
charge, we comment on the structure of carbon clustern .
As is known, the carbon clusters have several structu
@35,36#, i.e., linear chain, ring, and fullerene. Roughly spea
ing, the clusters with a relatively small number of atoms te
to have the linear-chain structures, and with increasing
number of atoms they tend to have the ring structures.
symmetry notation reported for the linear-chain structure
D`h , and those for the ring structures areD2h for C4 , D3h
for C6 , D4h for C8 , and D5h for C10. We set the nearest
neighbor distance in the linear-chain structure as 2.4a0 . In
addition to these structures, computation was carried out
trial for the D3h structure for C8 , and theD10h structure for
C10, though these have not been reported as far as the au

FIG. 1. Fractional average chargeQ/Z as a function of the re-
duced ion velocityV/(Z2/3v0) for single carbon ion in carbon foil:
present result~solid line! and the data obtained by Shimaet al. @8#
~solid squares! and by Brunelleet al. @24# ~open squares!.
1-6
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knows. Here we would like to give two comments. One
that the single bonds and the double bonds are not dis
guished. The other is that the electron distribution of a cl
ter is assumed to be the overlap of the constituent ato
Under these assumptions, we obtained the numerical re
shown hereafter.

Figure 2 shows the average charge of the individual i
calculated self-consistently for the carbon cluster Cn with the
kinetic energyE52 MeV/atom penetrating a foil of thick
ness 2.39mg/cm2. Here we assume two structures: for the3

FIG. 2. The self-consistently calculated average chargeQ of
constituent atoms in the Cn cluster with the kinetic energy 2 MeV
atom, penetrating the carbon foil of 2.39mg/cm2 thickness: solid
squares (n53, linear-chain structure!, open diamonds (n53, tri-
angle structure!, solid circles (n56, linear-chain structure!, open
squares (n56, ring structure! ~see text!.
05290
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cluster, the linear-chain and the triangleD3h structures with
the nearest-neighbor distanced52.4a0 , and for the C6 clus-
ter, the linear-chain withd52.4a0 and the ringD3h structure
with d52.488a0 @35#. In order to hold self-consistency, ca
culation of the average charges for individual ions is itera
about ten times till the values converge under a given clu
structure. The atoms in the Cn cluster are numbered from 1 t
n in order. For the linear-chained clusters, this number
was done from one end to another end. The abscissa in
2 indicates the atom number in the clusters, given in t
way. For the C3 with the triangle structure, each ion plays a
equivalent role so that all average charges are comple
equal, as one can easily understand from the spatial sym
try. On the other hand, for the C3 with the linear-chained
structure, the central ion is most strongly affected by the fi
of two other surrounding ions so that its average charg
the lowest among them. On the contrary, the ions at
edges of linear clusters have the largest average cha
since the binding effect works minimum. Regarding the ri
C6 , the spatial symmetry isD3h so that six atoms are clas
sified into two equivalent groups. Thus there appear two v
ues of the average charges in the ring structure. In our tr
ment, the average charges strongly correlate with the sp
symmetry of the cluster.

Figures 3~a!–3~d! show the cluster average charge p
ion, Q(n), for the 2 MeV/atom Cn(n53,5,8,10) clusters ver-
sus the thickness of the carbon foil ranging from 2.2 to
mg/cm2, where Q(n) was calculated as in Eq.~27!. The
value of Q(1) is equal to the value ofQ in Fig. 1 at the
corresponding velocity. In each figure, the solid line and
broken line are the theoretical results for the Cn cluster with
,
l

FIG. 3. ~a!–~d! The foil-thickness dependence of the average charge ratio,Q(n)/Q(1), of the Cn with the kinetic energy 2 MeV/atom
emerging from carbon foils: self-consistent calculation~solid line, linear-chain structure; broken line, ring structure! and the experimenta
data~solid squares with error bars! @24#: ~a! n53, ~b! n55, ~c! n58, ~d! n510.
1-7
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TOSHIAKI KANEKO PHYSICAL REVIEW A 66, 052901 ~2002!
the linear-chain and the ring structures, respectively. T
symmetries of the ring structures areD3h , D4h , andD5h for
the C3 , C8 , and C10 cluster, respectively. The solid squar
with the error bars indicate the experimental data@24#. Each
figure has a common trend that as the foil thickness
creases, theQ(n) values gradually approach theQ(1) value.
The asymptotic relationQ(n)/Q(1)51 implies the vanish-
ing of the spatial correlation among constituent ions of
cluster. In other words, those ions are separate enough
one another so that they behave as an ensemble of inde
dent single ions. Judging from the magnitude of the er
bars, we can say that the theoretical curves in both struct
explain very well the trend of the experimental data. If w
compare in more detail, the curves for the ring structures
in better agreement, as the cluster sizen grows up. As for the
C10 case, however, there is an exception that we discus
detail. Different from the case of thicker foils, th
Q(n)/Q(1) values calculated in the linear-chain and ri
structures are greater than the data at thin~less than about 6
mg/cm2! foils. At thickness 5.3mg/cm2, the data are largely
scattered so that it is not easy to say which is the most p
able data. Moreover, the data look like changing abruptly
this foil thickness. As an attempt to elucidate this discre
ancy, we again calculated theQ(n) for the case of the stron
ger correlation, i.e., theD10h ring structure, than theD5h
structure. As expected, theQ(n)/Q(1) is lower than that of
the linear-chained C10 by 0.03 at most. Moreover, there
only a few percent difference inQ(n) of C10 between in the
D5h and in theD10h . The experimental data, however, is st
less than in the ring cases by about 0.03. Here, we m
suggest one possibility to explain this discrepancy. It is
contraction of the ring along the direction of motion on e
tering a foil. This process would make the diameter of
cluster shorter than that of the initial ring. Then it leads to
stronger spatial correlation and the lowerQ(n)/Q(1) value.

Figure 4 shows the cluster-size dependence of the ave
charge ratioQ(n)/Q(1) for the Cn cluster ions at the kinetic
energy 2 MeV/atom, penetrating the 2.2mg/cm2 carbon foil.
The calculated values are denoted by the open circles fo

FIG. 4. The cluster-size dependence of the average charge
Q(n)/Q(1), of the Cn with the kinetic energy 2 MeV/atom emerg
ing from the 2.2mg/cm2 carbon foil against the number of atoms,n,
in the cluster: self-consistent calculation~open circles, linear-chain
structure; open diamonds and open square ring structure! and the
experimental data~solid squares with error bars! @24# ~see text!.
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linear-chain structures, by the open diamonds for theD3h at
n53, 6, for theD4h at n54, 8, and for theD5h at n510. In
addition, the value for theD10h at n510 is denoted by the
open square. The experimental data@24# are shown by the
solid squares with error bars. At a glance, the theoret
trend on then dependence ofQ(n)/Q(1) is quite consistent
with the data. The most remarkable feature is the slow
decreasing relation with increasing the number of the ato
in the cluster. As for C8 and C10, the ring structures can
better explain the data. For C10, no significant difference was
found between theD10h andD5h structures. In this figure, we
can conclude that the calculated results are in rather g
agreement with the data.

Here we would like to make some comments. In this
search, we stress on the role of the variation of the bind
energy due to the surrounding ions, and neglect the r
rangement of the electron distribution under the electric fi
of surrounding ions acting on. The validity of this insight
easily found if one is reminded of the perturbation treatme
According to it, the variation in the eigenenergy is the fir
order contribution, while the normalization of the wave fun
tion is the second-order one@37#. This means that as far a
the perturbation is concerned, the shift of the energy leve
more preferential than the change of the spatial electron
tribution. This is the reason why we focus on the ene
variation as a leading effect. So far, two explanations h
been made for the diminution of the molecular~e.g., H2

1)
average charge. One is the enhanced electron capture
correlated small clusterat the exit surface, which was pre-
sented for low-velocity hydrogen ions. The other is the e
hanced capture cross sectioninside a solid@38#, presented
for nitrogen ions. The electron-capture and the electron-l
processes compete to determine the average charge. We
der how the electron loss is reconciled with the capture th
In this paper, we presented a direct method to determine
average charge of cluster ions in a bulk.

In spite of the present charge-state bulk process, so
body might point out the possibility of charge-changing pr
cess near and/or after the surface. In practice, for heavy
projectiles, the post-foil ionization due to Auger decay we
observed. However, this is not the true of light ions. If su
a charge-changing surface effect takes place, the obse
average charges are different from those inside a solid
general, Auger decay enhances the charge of the emer
ion more than that of the ion inside a solid. The avera
charge of the projectile inside a solid is directly connec
with the energy loss. In order to confirm our average-cha
model more strictly, we also calculate the energy loss of
corresponding cluster ions. In the energy range studied h
~more than a few keV/u!, not the elastic collision process bu
the electronic excitation is the dominat energy-loss mec
nism. The theoretical energy-loss formula we employed h
is the wave-packet shell-by-shell method@33,34#. So far, this
method brought us the stopping cross sections of mater
which are consistent with the available data not only
single ions, but also for molecular ions in frozen char
states or in the dissociating state.

Hereafter we focus on the energy loss of the clusters
great concern is to what extent the reduction of the aver

tio,
1-8
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THEORY OF AVERAGE CHARGE AND ENERGY LOSS OF . . . PHYSICAL REVIEW A 66, 052901 ~2002!
charge works in the energy loss. Figures 5~a!–5~g! show the
calculatedRE1 @[DE(n)/n2DE(1)# of the carbon-cluster
ions at ~a! E52.275, ~b! E52.436, ~c! E52.65, ~d! E
52.95, ~e! E53.40, ~f! E54.15, and ~g! E
55.65 MeV/atom, penetrating the carbon foil of 25 n
thickness together with the experimental data. The total
ergy loss in a foil is estimated by the pileup of those in t
computation layers of a few nanometers thickness. The C
lomb explosion process was successively incorporated l
by layer. The Cn clusters were assumed to have the line
chain structures forn52 – 8 and also the ring structures@35#
for n53, 4, 6, and 8. The cluster orientation was assum
random. In these figures, the open circles and the open
monds denote the theoretical energy-loss values, res
tively, for the linear-chain and for the ring structures, w
the use of the present average charge theory~we call
‘‘present’’ model!. The crosses denote the theoretical resu
under the assumption that the average charge of all ion
the cluster is equal to that of the single ion at the equiva
velocity, i.e.,Q(n)/Q(1)51 ~we call ‘‘old’’ model!. On the
other hand, the solid squares with error bars indicate
experimental data@39#. From these figures, the old mod
presents a monotonic and saturated increase ofRE1 with
increasingn, while the present model, yielding the maximu
of RE1 aroundn53 or 4, gives quite a good agreement wi
the data. As is immediately understood, in comparison w
the results in the old model, one finds the suppression of
RE1 values, coming from the diminution of the avera
charge. Moreover, the values ofRE1 are still positive and the
cluster effect can be predicted theoretically. This is valid
all cases of the kinetic energy presented. Let us move to
structure dependence of theRE1 values. In the carbon foil of
25 nm thickness, the theoreticalRE1 values in the ring struc-
tures atE52.275 MeV/atom are only a bit greater than in t
linear-chain structures, while atE55.65 MeV/atom they are
seriously greater as the number of atoms in the cluster
creases. However, theRE1 values in the ring structures ar
still smaller than those predicted in the old model or t
asymptotic average-charge case. Here we would like to n
that in the energy-loss estimation, not only the magnitude
the average charge but also the structure of the cluster, or
pair correlation of atoms in the cluster, play dominant rol
Thus we could find the remarkable result that the inclus
of the present model on the cluster average charge g
much better agreement with the experimental energy-
data@39#, and that though the cluster average charge per
becomes smaller than the single-ion average charge, the
ergy loss per ion is still positive. Namely, the cluster effect
the energy loss is clearly recognized.

Up to here, we presented the positive cluster effect.
the other hand, one can also see the negative one. A
example of the lower incident energies, Fig. 6 shows theRE1
values for the Cn with the kinetic energy E
51.01 MeV/atom, againstn. The theoretical results atn
53, 4, 6, and 8 refer to the ring structure~denoted by the
open diamonds! and others to the chain structure~denoted by
the open circles!. The solid squares with error bars deno
the experimental data@20#. It is noted that the experimenta
RE1 values are lower than the theoretical ones for the lin
05290
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chains. However, if we assume the ring structures, agreem
with the data becomes much better. At all events, theRE1
values at this energy become negative, which is in contras
the higher-energy cases as shown in Figs. 5~a!–5~g!. The
decreasingn dependence is theoretically found for theRE1 ,
which is in quantitative agreement with the data. The rea
for this aspect originates from the fact that the contribut
of the pair correlation works negative over the momentu
transfer region, which is dominant in the stoppingS in Eq.
~30!.

In order to clearly indicate the positive and the negat
characters, we present the velocity dependence of theRE2
values in Figs. 7~a! and 7~b! for the linear-chained Cn (n
52, 3, 4, 6, 8, 10! and for the ring-structured Cn (n53, 4, 6,
8, 10!, respectively, penetrating the carbon foil of 26.5 n
thickness at the velocity V ranging from v0 (E
50.30 MeV/atom) to 4.5v0 (E56.075 MeV/atom). At the
lower velocities, theRE2 values for the ring structures ar
smaller than for the linear-chain structure, while at the hig
velocities this relation is reversed. In fact, theRE2 values for
the ring Cn amounts to be 1.16–1.32 atV54.5v0 , which are
larger than the linear-chain case at the equivalent veloc
Let us define the threshold velocityVth as the velocity at
which theRE2 curve crosses unity or theRE1 curve crosses
zero. Then one findsVth5(1.9– 2.4)v0 in the linear-chain
clusters, andVth5(2 – 2.8)v0 in the ring clusters. The latte
case presents a wider variation inVth . These features also
originate from the behavior of the pair-correlation functio
for the cluster. It is noticed that at the threshold velocity t
pair-correlation function itself does not vanish but its cont
bution ~the integration over the energy- and momentu
transfer region! vanishes. This is different from the cas
where the cluster atoms, penetrating a sufficiently thick f
are fully dispersed and the pair correlation completely v
ishes, resulting inRE150 andRE251.

In a final part, we would like to give some comments. T
first is on the validity that we assume the immediate cha
equilibrium to be accomplished on entering a foil. To discu
simply, let us consider the case of two charge componenQ
and Q11 being dominant. Solving the rate equation, w
define the charge equilibrium lengthXeq by Xeq
51/@N(sQ,Q111sQ11,Q)#. Here sQ,Q11 and sQ11,Q de-
note the electron-loss and-capture cross section, respecti
andN is the number density of the target atoms. The cha
Q is taken to be a value close to the equilibrium chargeQeq,
e.g.,Q53.0 atV53v0 . According to the Born approxima
tion theory@5#, the loss cross sections3,4 for a hydrogenlike
ion at V53v0 colliding with a carbon atom is about 0.4
310216 cm2/atom. As N50.1131024 atoms/cm3 for the
carbon target, one can estimateXeq<(Ns3,4)

2151.93 nm.
This length is much shorter than the foil thickness~25 nm! so
that our assumption of the charge equilibrium being attain
on entrance is not considered to be serious. Another c
ment is as for the wake effect. Now we assume the clus
to be in random orientation so that the wake effect on de
mation of the cluster structure is not considered here.
other words, under the random orientation, it cannot disc
which is the leading or the trailing ion. The more the numb
of the constituent ions in the cluster, the more difficult t
1-9
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FIG. 5. ~a!–~g! The cluster-size dependence ofRE1[DE(n)/n2DE(1) in keV, againstn of the Cn clusters penetrating the 25 nm carbo
foil at the kinetic energyE52.275– 5.65 MeV/atom: the theoretical results with the presented average-charge model~open circles, linear-
chain structures; open diamonds, ring structures!, the experimental data by Baudinet al. @39# ~solid squares with and without error bars!. For
reference, the theoretical results with the assumption ofQ(n)5Q(1) for the linear-chained Cn are shown by the crosses~see text!. ~a! E
52.275,~b! E52.436,~c! E52.65, ~d! E52.95, ~e! E53.40, ~f! E54.15, ~g! E55.65 MeV/atom~see text!.
052901-10
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THEORY OF AVERAGE CHARGE AND ENERGY LOSS OF . . . PHYSICAL REVIEW A 66, 052901 ~2002!
FIG. 6. The cluster-size dependence ofRE1[DE(n)/n
2DE(1) in keV, againstn of the Cn clusters penetrating the 25 nm
carbon foil atE51.01 MeV/atom: the theoretical results with th
presented average-charge model~open circles, linear-chain struc
tures; open diamonds, ring structures!, the experimental data@20#
~solid squares! ~see text!.

FIG. 7. ~a! The velocity dependence of RE2

[DE(n)/@nDE(1)#, calculated for the linear-chain Cn(n52 – 10)
clusters penetrating a carbon foil of 26.5 nm thickness at velo
V5v0– 4.5v0 : n52 ~thick solid line!, n53 ~broken line!, n54
~dot-dashed line!, n56 ~dot-dot-dashed line!, n58 ~dotted line!,
andn510 ~thin solid line!. ~b!. Same as in~a! except for the ring
Cn(n53,4,6,8,10) clusters:n53 ~broken line!, n54 ~dot-dashed
line!, n56 ~dot-dot-dashed line!, n58 ~dotted line!, and n510
~thin solid line!.
05290
quantitative estimation of the wake effect becomes. Now,
think that the wake effect is not so serious since the indu
wake waves with the wavelengthl52pV/vp @40# will in-
terfere with each other and resultantly they are expecte
cancel out or at least become weaker as a whole. Never
less, from more rigorous points of view, the effect of t
induced charge on the cluster is still important. Our study
this effect is now in progress and the results will be p
sented in a forthcoming paper. One more comment is on
neglect of the edge effect, i.e., the neglect of the differenc
time when the cluster atoms enter or exit a foil. This ed
effect produces the time delay in the expansion of the io
This time delay is estimated bytdelay5Lcl /V, whereLcl is
the size of the cluster, which is much smaller than both
dwell time tdwell5D/V and the characteristic timet0 of the
Coulomb explosion, whereD is the foil thickness. We found
that, in this case, the successive ionization process gives
a negligibly small contribution to the Coulomb explosion.

In conclusion, a fluid-mechanical model with satisfyin
self-consistency is presented for the cluster average charg
the bulk. This average-charge theory will be applicable
cept for the cases where only a few quantum levels are
nificant, e.g., at very low velocities. It is remarkable th
inspite of the reduction of the cluster average charge, we
can find the positive cluster effect in the inelastic ener
losses in the bulk. This model can explain the measured
erage charges as well as the measured energy loss o
carbon clusters. In other words, our treatment reconciled
cluster average charge inside a solid with the cluster ene
loss inside a solid. This means that the dominant cha
changing and electron excitation processes occur in the
rather than near the surfaces. In this way the recent exp
mental data on the cluster-impact phenomena are sufficie
meaningful and valuable. In future, further data on the cl
ter with the higher energies, obtained simultaneously both
the charge state and on the energy loss, will be expecte
confirm this conclusion, and study further the interaction
the polyatomic ions with the materials.
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APPENDIX

Here we derive the expression~29! on the basis of a sta
tistical method. Let us consider a partially stripped ion
atomic numberZ, on which N electrons are bound. As
spatial distribution function, now we assume the Thom
Fermi-Moliere type as

r~rW !5
N

4pr (
j 51

3

a j S b j

L D 2

expS 2
b j r

L D .

Here L is the screening parameter to be determined la
Now we calculate the kinetic energyEk of the electrons, the

y
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nuclear-electron interaction energyEne , and the electron-
electron interaction energyEee as functions of the electron
densityr(rW) in the following:

Ek5
3\2

10m
~3p2!2/3E drW@r~rW !#5/35A

\2

m

N5/3

L2 ,

Ene52Ze2E drW
r~rW !

r
52Be2

ZN

L
,

Eee5
e2

2 E drWE drW8
r~rW !r~rW8!

urW2rW8u
5Ce2

N2

2L
,

whereA50.4279 as in the text, andB5S j 51
3 a jb j51.365,

andC5S j 51
3 S i 51

3 a ia jb ib j /(b i1b j )50.4523.
Thus one obtains the total energyEtot5Ek1Ene1mEeeas a

function ofL. Here we introduced a variational parameterm.
The screening parameterL can be determined from the min
mum condition]Etot /]L50 to be

L5
2AN2/3

BZ2~m/2!CN
.

Substituting this expression intoEtot , and minimizingEtot
with respect toN for neutral-atom condition, i.e.,]Etot /]N
s

ta

ec
ys

s

A
.

05290
50 at N5Z, one getsm52B/(7C). Substituting this rela-
tion into L, we finally obtain the expression

L50.6269N2/3a0/~Z2N/7!.

Equation~29! in the text is the Fourier transform ofr(rW).
Concluding this appendix, we make a comment on E

~29!. If we set N5Z in Eq. ~29!, the screening length fo
neutral atoms is given byL50.7314Z21/3a0 , which is close
to the Thomas-Fermi ~TF! screening length LTF
50.8853Z21/3a0 , and the resultant charge density in th
Fourier spacer(kW ) is also close to the corresponding T
values. For comparison, Brandt and Kitagawa~BK! obtained
LBK50.56Z21/3a0 for neutral atoms, using the electron de
sity r(rW)5N/(4pL2r )exp(2r/L) @30#. Our three-
exponential-term description is actually a refinement of
BK model. In fact, the form factorsr(kW ) obtained by us for
neutral atoms@set N5Z in Eq. ~29!# are rather closer to
those calculated from the Hartree-Fock~HF! wave functions
than the BK values. The BK model overestimates the scre
ing of the bound electrons, resulting in the ion charge,Z

2r(kW ), in the Fourier space smaller than that in the HF a
in the present cases. This feature of the BL model leads to
an example, the electronic stopping powers for heavy i
much smaller than the HF and the present model at
velocities.
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