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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(lsutifhot relativisti¢ 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 clustgrén(€arbon 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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[. INTRODUCTION stripping criterion, where the average chaigef the ion
with atomic numbe# is proportional to the ion velocity as
Since ion accelerators were widely applied to ion-materialong asq is less than half oZ. In order to get a formula
interaction, the charge-state distributic@SD) of energetic  applicable up to higher velocities, Betz extended Bohr’s for-
ions emerging from a material has been one of central probmula by considering the velocity distribution of the bound
lems, especially at intermediate velocities where the bouneélectrons in the Thomas-Fermi mod&Db]. From an empiri-
electrons are partially stripped off. The reason for it is whycal data fitting, Dmitriev and Nikolaey11] proposed a
charge states directly determine the coupling strength of theelocity-dependent formula which is different from these
electromagnetic force in ion-material interactions. For heavytwo models. In close atomic collisions at relatively low col-
ions, as many charge states would incorporate, the experfiision energies, Meron and Rosndrl2] presented a
mental CSD data have been semiempirically analyzed bgompound-atom model for the CSD. Here the CSD is as-
using statistical models, e.g., a Gaussian distribytijrand  sumed to be in equilibrium even in a single collision with a
a x? distribution[2]. The first moment of the CSD, which is target atom.
called the average charge, is often a more typical parameter Apart from monoatomic ions, recent interest has been fo-
than the CSD itself. For example, tlg (projectile’s atomic  cused on the high-energy polyatomic ions, or, cluster projec-
numbey [3] and theZ, (target's atomic numbegioscillations tiles. lon clusters and highly charged biomolecules have been
of the average charge were reporfdd, which reflects the accelerated at high energiés.g., 10 MeV-1 GeY [13].
electronic shell structures. Such oscillations were also obThere will be new phenomena taking place in electronic ex-
served for the light-ion incidencks]. From a microscopic citations. One of our interest is the dependence of the in-
point of view, the CSD is governed by the electron-captureduced electron excitation and related phenomena on the
and -loss processes. According to a theoretical sf6ilythe ~ number of ions in the cluster. The subjects to be studied in
appearance of this oscillatory structure is due to the oscillathis field are wide ranging: fragmentation of the clusters
tory behavior of the quasiresonance electron-capture cro$&4—16, breakup due to the Coulomb explosidY], energy
section. It is well known that the average charge of an iorloss or energy deposition in a target8—22, and cluster
will attain to the equilibrium state after the ion penetrates amultiple ionization[23]. In these phenomena, the resultant
sufficiently thick target, as the memory of the initial chargeeffects induced by the incident cluster are expected to be
state was completely lost. In the intermediate-energy regiomuch stronger than those by a single ion, due to strong spa-
(more than a few keV/u but nonrelativistjche equilibrium  tial correlations in the electron excitation. There the average
average charge depends mainly on the ion velocity, not soharge of the projectile inside a target plays the main role.
strongly dependent of the target materials. Even if a smalQuite recently, a very remarkable result was reported on the
oscillation would exist, the overall average-charge data couldluster average charge by Brune#éal. [24]. They found
be well scaled by the velocity and the atomic number of arthat the average charges per ion of the MeV carbon cluster
incident ion. ions G,* (n=3-10) transmitting carbon foils were signifi-
So far, there are several reviews on the experimental andantly lower than those of single ions with the equivalent
theoretical results on the CSD and the average chigfje kinetic energy per atom. They also found that this diminution
Experimental data were well compiled by several authorof the average charge was enhanced with increasing the
[1,8]. Several empirical scaling formula for the averagenumber of constituent atoms in the cluster. Moreover, as the
charges were presented for the single-particle incidencdoil thickness increases, this effect tends to vanish and the
Bohr [9] presented a simple formula based on the velocity<cluster average charge per ion approaches the single-particle
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average charge with the equivalent velocities. This was ouexcitation occurrence will be restricted to the case where the

motivation to investigate whether it is possible to reconcilefollowing energy condition is fulfilled:

the cluster effect problem between the energy loss and the .

average charge in the carbon-cluster impact phenof&sa In(g-V)2>3imu?+1. (1)

As for the reduction of the cluster average charge, several o ] ]

works were recently present@6—29. The basic treatment Herel denotes the activation energy to be applied to various

of the work[28] is an application of the Brandt-Kitagawa Cases. The velocity distribution functioi(v) of the elec-

model[30]. The atom correlation of the cluster in matter wastrons in a neutral atom with atomic numheiis determined

simulated [29]. As for the energy loss, they treated, N by the maximum entropy principle under the conservation of

molecular-ion incidencg28]. the total numbek of electrons and the total kinetic energy
The aim of the paper is to present a theory of the clusteyhere

average charge in the bulk, which is able to explain the re-

sults by Brunelleet al, and to reconcile, in practice, the Z:f do f(3), E:f do mu2f (7). 2)

cluster effect in the average charge with the cluster effect in

the energy loss. Here we develop our theory on the back- Introducing the Lagrange undermined multiplier method
ground that the cluster average charge is described within the g Agrang ; P oo
e seek a functiori(v) that makes maximum the following

same framework as the single-ion average charge, except f0fe S€ )

special remarkable points needed in the cluster case. \A%uantltyw.

have to be able to consistently explain the average charges

not only of the single ion, but also of the cluster. Moreover, W= —f do f(J)Inf(J)Jrcl[Z—f dﬁf(ﬁ)]

the bulk average charge of the cluster should be connected

with the energy loss in the bulk. In Sec. Il, the present theo-

ries on the cluster-average charge and on the cluster energy +Cz[ E—f dﬁ%mvzf(ﬁ)]- ()]
loss are described in detail. Section Il is devoted to present-

ing the numerical results, comparison with the experimentaHere ¢; and ¢, are the undermined constants. After some
data, and discussion. Throughout this paperg and# de-  algebra, we finally obtain the solution

note, respectively, the electron rest mass, the elementary

= - 312
e, o b ik e it o s R
y denoted by T
ag=h%me=0.529<10"m  and vo=e¥h=2.19
X 10° m/s. together witha=3/(2(v?)) and
2\ _ 1 > 2f0 >
IIl. THEORY (v)=7 | dovf(v). ®)

Here we present a theory that can give the average
charges of not only the single-particle ions, but also of the,
cluster ions on the same theoretical background. First, we
start with considering the case of the single particle penetrat- 75/3
ing a foil. After that, the case is considered of the cluster Ek=AA7‘
incidence, in which both the effect of surrounding ions and

the self-consistency are needed to determine the averagging the Thomas-Fermi-Molier€TFM) electron distribu-
charge of each constituent ion. After stating the Coulomlijon
2
Br
ex;{ T . (7)

explosion process, we finally give the cluster-energy-loss for-
In the above equation, the values of parameters @ye

mula in the dielectric formalism.

First we consider the stripping rate of the bound eIeEtrons: 0.10, ar,=0.55, as=0.35, 8,=6.0, B,=1.20, B3=0.30,
on the projectile of atomic numb&moving with velocityV and the screening length is given Ay= 0.8853Z‘1’3a0. The
inside a solid foil. Let us denote hythe velocity of a bound constantA is expressed as
electron on the projectile at rest. When the projectile enters a
solid foil, the bound electrons undergo collisions with the 3 2B o
target electrons and/or nuclei and some of them will be exA= 10 f dtt'3
cited or stripped off. Here we adopt the fluid-mechanical 0
picture, in which thg flow velocity experienced by such o0 \ve can prove the virial theorem, i.éE,=— 3%
bound electrons is-V in the rest frame of the projectile. (E__+E, ), whereE,, andE,, denote the electron-electron
Therefore, the velocity of such an excited electron changeteraction and the nucleus-electron interaction, respectively.
from ¢ to v —V in the rest frame of the projectile. Thus, the Then we have the total energiya=Ex+Ecet Ene=

Next, let us evaluatév?). The total kinetic energ, of
ectrons in the atom is statistically evaluated as

eZ

Qo

: (6)

. Z ° B;
PN= 1 2, “i(x

A. Average charge of a single ion in a foil

3

5/3
>, ;B expl— ﬁjt)} —0.4279.

3
4 =1
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—Ey. From the expressiof6), the average kinetic energy
per electron is straightforwardly found to be

e2

=

0

Ep=E/Z= 0.54624’3( (8)

Here we should conne, with m(v?). Therefore the
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called two-center problems. As is well known, the ground-
state energy of an electron in a hydrogen atom at rest in
vacuum is—13.6 eV. On the other hand, the ground-state
energy of an electron in H is about—28 eV [31] (the
nuclear-nuclear repulsion energy is not taken into acgount
This enhancement of the electron binding energy is due to
one more proton participating in binding the electron more

root-mean-square velocity per electron reduces to the avestrongly. One can see from this example that the more the
age velocityV,, of the bound electrons in a single atom suchnumber of the Coulomb attractive centers existing, the stron-

as

V(02 =Vy=2E,/mvy=1.047%"%,. (9)

Up to here, we determined the physical parameter
=3/(2V2) that governs the velocity distributidiEq. (4)] of
the bound electrons in an isolated atom. The average char

ing. Then we have the following expression:

sz do{f(v)—f(5—V)}. (10

ger the binding effect acting on the electron becomes. This
conjecture is generally valid for the ground-state configura-
tion so that we can expect the cluster projectile to be treated
in this way. Thus the problem is reduced to how to involve
the effect of neighboring ions around a given ion. One
simple and practical prescription is to estimate the extra in-

. X Y&raction energy between the electrons on the host ion and
Q of the isolated atom can be evaluated by counting theE 9y

number of electrons stripped off from the atom after scatter-

he surrounding ions.

According to the perturbation treatment, the surrounding
ions can affect the electron binding energy, and quantum
mechanically speaking, it will be estimated as a shift of the
energy level considered. In order to make the treatment
simple, let us suppose only one “impurity” ion with atomic

region of 5 that fulfills the conditionf(z)=f(¢—V) to-
gether with Eq.(1). After evaluating the integration, one fi-
nally has the following expressions with = /21/m:

Q/Z=3P(y_,y,) for V<V, (11
and
Q/Z=3[P(0y_)+P(0y,)] for V>V, (12
where
3|Vi-V?| 3VZi+V?
y:\/;v—vb’ y+:\[§ w, . B
and
P(x,y)=ifydtexp(—t2). (14)
Jr Jx

When!|=0 (i.e.,V,=0), Egs.(11) and(12) reduce to

host ion at the origin, since generalization to many “impu-
rity” ions is straightforward. Now we assume the host ion
with atomic numbe¥ bindsN electrons, the spatial distribu-

tion of which is described by the modified TFM distribution

as
N & (B2
m?ﬂi(x) el -5,

where A is the size parameter of the electron cloud. Let us
evaluate the interaction energyJ between the impurity ion
and the electron on the host ion. The formal expression is
given by

_Ar
A

p(r) 17

AU(R):—ezf df p(F+R)V(F), (18

whereV(r) denotes the electric scalar potential created by
the partially stripped impurity ion. In the TFM form, one has

3
. Qo Zr—Qp Bjr
Q/Z=P(0y) (15) V(r)—7+ ; jzl aj ex _A_2 (19
with . . . .
with Q,=Z,—N, and A, is the size parameter of the impu-
3V rity ion. After carrying out the integration, we finally obtain
y=\/go - (16)
8 Vo NQ,e? BR|| NN,e
AU(R)=— > ajf1—ex - IR
B. Average charge of a cluster ion in a foil =1
In this section we present the average charge theory for exd — BiR _exd — BiR
the cluster ions in a foil, which was developed on the theo- 3 A A,
retical basis given above. Our motivation to solve the prob- X 21 Zl aja; INKIEAK :
lem is inspired by the molecule binding energy. As the sim- . (A—> (EI) -1
2 ]

plest example, let us consider thg'H where the electron is

bound by two protons. This is a typical example of the so- (20
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It is natural that the separatidhbetween the host and the and depending on the spatial structures, etc. We will give
impurity is usually larger than the size parametérandA,  answers to these questions in Sec. IlI
of the electron clouds, Eq20) reduces to the result of the
point-charge modelAU(R)=—NQ,e*R. This result is C. Self-consistent calculation
straightforwardly extended to the case where an arbitrary
number of impurity ions exist around the host ion. Then
summing up the contributions of the individual surrounding
ions, we have a more general expression

Before going to numerical estimation, we would like to
briefly summarize the result. First, we presented the average-
charge value of the single ion in a material, based on the
fluid-mechanical model. The kinematic parameter for the
Q;e? single-ion incidence is solely the ion velocity. As for the

R’ (21)  cluster incidence, on the other hand, not only the ion veloc-

! ity, but also its structure becomes important. At the same
g’me, the average binding energy per electron, which is the
Characteristic parameter in the theory, reflects the structure-
dependent binding effect of surrounding ions in the cluster.
%et us determine the average charge of the cluster ions, com-

osed ofn atoms. The average char@e of theith constitu-
ent ion is determined by the average binding velodity,
while the V,; includes the average charges, i.e.,

AU=-N2,
1

whereR; denotes the distance between the host ion and th
ith ion with chargeQ;e. The quantity(21) is the interaction
energy added to the binding energy for an isolated|Bq.
(8)]. As a consequence, the influence of the surrounding ion
gives rise to the increase in the average binding energy p
electron of the host ion as follows:

e |AU| Q1,Q5,....Q-1,Qi+1,.-.,Qn, of all other constituent ions.
Eb=0.54€Z4’3a—+ N (22)  Therefore,Q; can be symbolically written as a function of
0 Q1,Q2,---.Qi-1,Qi+1,..-.Qn &S
This modified binding energ¥, plays a key role in the —n A A ,
cluster-average-charge theory. As is the same as for the Qi=Qi(Q1.Qzr-Qi-1,Qi1,Qivz,Qn)
single-ion incidence, we can develop the theory on the basis (i=1,2,3,..n).
of the fluid-mechanical model. Here what we have to do is to
replace theE,, in Eq. (8) by the expression of Eq22). This This means that a set @,;'s must be determined self-
replacement leads us, instead\fin Eq. (9), to the follow-  consistently. Moreover, due to the Coulomb explosion, the
ing modification: mutual distances of ions evolve with the dwell time in a foil,

or the penetration deptlhere we assume the ion trajectory to
be a straight ling ThenQ;’s are also the implicit functions
of the penetration depth. To solve the above equation, an
iterative calculation must be done till all the computed values
wherer;=R;/ag. are convergent enough. In practice, we confirmed that the
Now we can arrive at the theoretical formula for the clus-calculatedQ;’s were convergent within 1% accuracy when
ter average charge. For convenience, let us summarize tlie iteration was repeated seven times. As will be seen later,
derived formula in somewhat abbreviated form. The averagéhis accuracy is enough to discuss the foil thickness depen-
chargeQ; of theith ion located at positiofR; with atomic  dence of the cluster average charge. Finally we emphasize

1/2
Vom=|2X0.54&%3+ >, 2Q;/r;| vy, (23
I

numberz; is given by that this self-consistent method can rather precisely predict
the average charge of the cluster in the bulk even in the case
Qi/Z;=P(0y;), (24)  where the internal Coulomb forces act on the cluster itself.
. In order to derive a characteristic cluster average charge,
with we define the average charge per i@(n), for the cluster
3\12 v Cn by
at Vs 29 :
Q(n)=(2 Qi)/n. 27
2Q 1/2 i=1
Vpi=|1.09Z+ > ——L ) vo. (26)
' i70 17—l Later this quantity will be compared with the average charge

) o Q(1) of a single C ion. As shown in Sec. IQ(n) is always
It is noted that the summation in E@6) should be taken smaller thanQ(1) in relatively thin foils, andQ(n) ap-

over the surroundingexcluding theith i_on) ions. These re- proachesQ(1) with increasing foil thickness. We just call
sults Egs.(24)—(26), present the very important aspect thatihe former feature the cluster effect in the average charge.
the average charge of each ion depends on both the average

charges of other ions and their positions. It means that even
for diatomic molecular ions the average charge will be dif-

ferent from the single atom at equivalent velocities. There In general, as the swift polyatomic projectile enters the
arises the question of how the average charge per ion varigarget material, the bonding electrons will be stripped off and
by increasing the number of constituent atoms in the clusteconstituent atoms in a cluster are positively charged in a thin

D. Expansion of a cluster—Coulomb explosion
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TABLE |. Values of F againstn. E. Electronic energy loss of a cluster in a foil
N 4 6 We describe the electronic energy loss of cluster ions in a
Py 5 3 foil. Our scenario is the following.
F 2 3 5 its (1) The foil is devided by thin computational layers. The

lost energy in théth layer is given byAE;=NSAX,, where
N, S, andAx, denote, respectively, the number density of
target atoms, the electronic stopping cross section for the

region (a few nanometers for the MeV/atom iongthen  cluster, and the thickness of the layer. _ .

takes place the so-called Coulomb explosion process that (2 The constituent atom positions and their velocities are
converts the internal repulsive potential energy into the kiJNPut first, and their average charges are calculated self-
netic energies of the constituent ions, keeping the total erconsistently. Next, the electronic stopping cross section is
ergy constant in the center-of-mass frame. For two-atongalculated under this spatial configuration of the cluster. The
(ion) systems, by solving the Newtonian equation, the expan¢lUster is assumed to be randomly oriented so that the data
sion rate of the mutual distand® can be obtained analyti- ©n the relative distances are only significant in the energy-
cally [32]. On the other hand, for a polyatomic system, it is loss calculation. This is a series of the computation cycle._
impossible to obtain analytical solutions except for special (3) In the next computational layer, the expanded interi-
cases. In a special system, however, we can obtain the an@0'C SPacings due to Coulomb repulsive forces are first esti-
lytical solution as follows. Let us consider the homonuclearMated by employing the Runge-Kutta method. After that, the
polyatomic projectile where all ions have the same averag&€lf-consistent average charges and the energy loss of the
chargeQ and the same masd. In addition, the structure is expanded cluster are calculated in the similar manner as the
highly symmetric, i.e., a ring structure on a plane with thePréVious step.

equal nearest-neighbor distarReln this case, the time evo- (4) By repeating the above computation cycle layer by
lution of R can be analytically solved as layer, we finally obtain the total energy loss of the cluster

F=2

after passing through the foil.
= \/Tga/g_1+|n( \/E+\/g_1), In the above energy-loss estimation, the key role in the
energy loss is played by the electronic stopping cross section
S for the cluster. There contribute two kinds of electronic
where 7=t/ty and §=R/R, are the reduced time and the excitations, i.e., the core-electron excitation and the
reduced separation, respectively, d&glis the initial nearest-  conduction-electron excitations. In order to estim&teve
neighbor distance. The characteristic time is defineddy adopt the wave-packet treatméB8], where both excitations
=[R3M/(2FQ?)]*?% where the factorF depends on the are treated in the dielectric-function formalism. So far, this
numbern of atoms in the projectile and on their structure method provided fruitful results on the electronic stopping
such as cross section of gaseous and solid targets not only for single
ions, but also for molecular ions over a wide energy range.
3 n-1 The excitation of conduction electrons is characterized by
sin( Z) E 1 _ the random-phase approximation dielectric function, while
n =1 (i the core excitation is characterized by the new dielectric
S'”(F) function, derived for the Gaussian occupation probability
[33]. Apart from those explicit forms, we start with the for-
mal expression of the dielectric functian(k, ), which is
In Table I, we tabulate the values Bffor several ring struc-  common to both excitations. Then the electronic stopping
tures. cross section for the clust&is given as follows:
We would like to treat the motion of more than three
atoms so that the expansion rate of the mutual distances is 1 dk - — Lo
estimated by means of a molecular-dynamics simulation. 1fS= mf Flpext(k” f do wIm (ko) o(w—k-V).
the stochastic fluctuations are all neglected, the motion of the ’ (28)
Coulomb expansion would be uniform. Then the relative dis-
tanceR;; of a given pair of ions in the cluster will be gov- Here p.,(k) denotes the Fourier transform of the cluster
ermed by the conversion process of the initial electrostatigharge density ., (7)=eZ[Z8(F—R:)— p;i(F—R:)], where
potential energyq; /Ry with Ry :.lRi_ Ri| into the Kinetic i 4o position vector of théth ion in the center-of-mass
energy of the relative motion. It is obvious that this process ' . ) .
is independent of the elastic collision between the projectild@me of the cluster moving with constant velocigyin the
and the target atom. Thus the Coulomb explosion is the maifnaterial, andp; (F—R;) denotes the spatial distribution of
mechanism of the self-expansi¢or self-destructionof the  €lectrons attached to théh ion. In this expression, the clus-
cluster in the foil. We assume here the bare Coulomb interter charge density is assumed to be given by the overlap of
actions since swift ions with velocities greater than the Fermisolated partially stripped ions. In addition, we explicitly take
velocity (=1.3v, for the carbon targetcannot be screened, into account neither the cluster orientation nor the anisotropy
or, even if so, screened only a bit, by the conduction elecef p; (F—R;). Therefore the quantitype.(k)|? is replaced
trons. by its orientation average
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R 1 ar— i
(lpextk)|?) =622 [{Z—pi(k>}2+_2 {Z-pi(k} u
i J(#I) 0.8
sm(kR,l)
X{Z—pi(k 0.6+
S 04
whereR;; is the relative distance between fttie and thejth
ions. Herep; (k) is the Fourier transform of the spherically 0.2
averaged; (). Here in order to describe rather reasonably
and without complexity, we adopt the Thomas-Fermi- 0
Moliere-type distribution with atomic numb&randN bound 0 : 3 4 5
electrons. One finally obtains with the screening constant v/ (723 V)
=0.626N?3a,/(Z—N/7) the following expressiofisee the
Appendix: FIG. 1. Fractional average char@¥¢Z as a function of the re-
duced ion velocit\/(Z%% ) for single carbon ion in carbon foil:
3 ],312 present resul(solid line) and the data obtained by Shimaal. [8]
p(K)= NE L BT A (290 (solid squaresand by Brunelleet al.[24] (open squarés
j

Ill. RESULTS AND DISCUSSION

As the target material is assumed isotropic, we rewgiia
Eq. (28) as In this section, we show the theoretical results both on the
cluster average charge and on the cluster energy loss, and
2 fx dkfkvd | K compare them with the recent experimental data. First, we
V2 oK Jo M ek w) {[pex(K)I%). show the average charge of the single ion in foils. As a
(30) general feature, the average cha@ef the single ion with
atomic numbeEZ depends very weekly on the target material,
The expression$28) and (30) hold sound in the adiabatic and solely on the ion velocity. This is a widely and com-
case where the time evolution of the internal motieng., monly known result. Moreover, the average charge for vari-
the coulomb explosionis slow enough, compared with that ous monoatomic ions is also well known to be scaled by a
of the center-of-mass motion. This is the case considered igtatistical parametdrl,8]. This is the background in which
this paper. The stopping cross sect®per atom in Eq(30)  we present the statistical picture, where the average orbital
is given by the sum of the partial shellwise stopping crossvelocity per electron is characterized by the facZ3fv,,.
sections. More details of this calculation method are deNow the fractional average charggZ is well scaled as a
scribed in another pap¢g4]. function of the ion velocity divided byZ?v,, as expected
In general, the stopping cross section for the cluster anffom Eqs.(9),(15), and(16). Figure 1 shows this fact for the
the resultant energy loss are different from the correspondingingle carbon ion penetrating carbon foils. The experimental
quantities for the single ion multiplied by the number of data are cited from the papers of Shimeaal. [8] and
atoms in the cluster. This is caused by the interference termBrunelleet al.[24]. Here we do not cite much experimental
in the<|pext(l2)|2>- Such a difference in the stopping for the data in order to especially compare in detail the cases of
cluster and for the single ion is called the cluster effect in thecarbon ions and also to avoid complexity. The agreement
energy loss. To investigate this effect, it is convenient tobetween the theoretical and the experimental results is rather
compare the energy lossE(n) of a penetrating Gcluster ~ good over a wide range of velocity, though the calculated
with the energy losd E(1) of the single C ion at the equiva- Vvalues are a bit larger than the data around at the reduced
lent velocity. So far, two standards have been adopted: one kglocity V/Z#%y,=2. Especially, the data obtained by
the absolute difference in the energy loss per REl, de- Brunelleet al. [24] almost Completely coincide with the the-
fined by oretical ones. Before the calculation of the cluster average
charge, we comment on the structure of carbon cluster C
RE;=AE(n)/n—AE(1), (31)  As is known, the carbon clusters have several structures
[35,36], i.e., linear chain, ring, and fullerene. Roughly speak-
and the other is the relative ratio of the energy loss per ioning, the clusters with a relatively small number of atoms tend

RE,, defined by to have the linear-chain structures, and with increasing the
number of atoms they tend to have the ring structures. The
RE,=AE(Nn)/[nAE(1)]. (32  symmetry notation reported for the linear-chain structure is

D..,, and those for the ring structures dvgy, for C,, D,
We recognize that the positivenegative cluster effect for Cg, D4y for Cg, and Dgy, for Cip. We set the nearest-
appears whelRE; >0 (RE;<0) or RE,>1 (RE,<1). In  neighbor distance in the linear-chain structure agg.4n
the following section, the calculated results are presentedddition to these structures, computation was carried out as a
along this line, and compared with the recent experimentafrial for the D4, structure for G, and theD 4, Structure for
data. Cy0, though these have not been reported as far as the author
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2.1
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FIG. 2. The self-consistently calculated average chapgef
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cluster, the linear-chain and the trianddg,, structures with

the nearest-neighbor distande 2.4a,, and for the G clus-

ter, the linear-chain witld=2.4a, and the ringD g, Structure

with d=2.48&, [35]. In order to hold self-consistency, cal-
culation of the average charges for individual ions is iterated
about ten times till the values converge under a given cluster
structure. The atoms in the,Cluster are numbered from 1 to

n in order. For the linear-chained clusters, this numbering
was done from one end to another end. The abscissa in Fig.
2 indicates the atom number in the clusters, given in this
way. For the G with the triangle structure, each ion plays an
equivalent role so that all average charges are completely
equal, as one can easily understand from the spatial symme-
try. On the other hand, for the ;Gwith the linear-chained
structure, the central ion is most strongly affected by the field
of two other surrounding ions so that its average charge is
the lowest among them. On the contrary, the ions at the
edges of linear clusters have the largest average charges
since the binding effect works minimum. Regarding the ring
Cs, the spatial symmetry iB 3y, so that six atoms are clas-
sified into two equivalent groups. Thus there appear two val-

knows. Here we would like to give two comments. One isues of the average charges in the ring structure. In our treat-
that the single bonds and the double bonds are not distirment, the average charges strongly correlate with the spatial
guished. The other is that the electron distribution of a clussymmetry of the cluster.

ter is assumed to be the overlap of the constituent atoms. Figures 3a)—3(d) show the cluster average charge per
Under these assumptions, we obtained the numerical resulign, Q(n), for the 2 MeV/atom G(n=3,5,8,10) clusters ver-

shown hereafter.

sus the thickness of the carbon foil ranging from 2.2 to 40

Figure 2 shows the average charge of the individual ionsug/cn?, where Q(n) was calculated as in Eq27). The
calculated self-consistently for the carbon clustgm@h the

kinetic energyE=2 MeV/atom penetrating a foil of thick-

value of Q(1) is equal to the value o in Fig. 1 at the
corresponding velocity. In each figure, the solid line and the

ness 2.3%g/cnt. Here we assume two structures: for the C broken line are the theoretical results for the duster with

50
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FIG. 3. (a—(d) The foil-thickness dependence of the average charge @fio)/Q(1), of the G, with the kinetic energy 2 MeV/atom,
emerging from carbon foils: self-consistent calculatisnlid line, linear-chain structure; broken line, ring struciuaad the experimental
data(solid squares with error barf24]: (a) n=3, (b) n=5, (c) n=8, (d) n=10.
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linear-chain structures, by the open diamonds forDhg at
n=3, 6, for theD,, atn=4, 8, and for theD, atn=10. In
addition, the value for th® 4, at n=10 is denoted by the
open square. The experimental df24| are shown by the
solid squares with error bars. At a glance, the theoretical
trend on then dependence d(n)/Q(1) is quite consistent
with the data. The most remarkable feature is the slowly
decreasing relation with increasing the number of the atoms
in the cluster. As for ¢ and G, the ring structures can
better explain the data. For & no significant difference was
found between th® 4, andDg, structures. In this figure, we
can conclude that the calculated results are in rather good

agreement with the data.

FIG. 4. The cluster-size dependence of the average charge ratio, Here we would like to make some Coimfnents. In th,is r.e-
Q(n)/Q(1), of the G, with the kinetic energy 2 MeV/atom emerg- S€arch, we stress on the role of the variation of the binding

ing from the 2.2ug/cn? carbon foil against the number of atoms, ~ €nergy due to the surrounding ions, and neglect the rear-
in the cluster: self-consistent calculatiéopen circles, linear-chain rangement of the electron distribution under the electric field
structure; open diamonds and open square ring strycaure the  Of surrounding ions acting on. The validity of this insight is
experimental datésolid squares with error barf24] (see text easily found if one is reminded of the perturbation treatment.
According to it, the variation in the eigenenergy is the first-
the linear-chain and the ring structures, respectively. Therder contribution, while the normalization of the wave func-
symmetries of the ring structures ddgy,, D4y, andDg, for  tion is the second-order onf&7]. This means that as far as
the G, Cg, and Gy cluster, respectively. The solid squares the perturbation is concerned, the shift of the energy level is
with the error bars indicate the experimental d&4]. Each  more preferential than the change of the spatial electron dis-
figure has a common trend that as the foil thickness in4ribution. This is the reason why we focus on the energy
creases, th@(n) values gradually approach tig(1) value. variation as a leading effect. So far, two explanations have
The asymptotic relatio®(n)/Q(1)=1 implies the vanish- been made for the diminution of the molecula:g., H,)
ing of the spatial correlation among constituent ions of theaverage charge. One is the enhanced electron capture by a
cluster. In other words, those ions are separate enough frogbrrelated small clusteat the exit surfacewhich was pre-
one another so that they behave as an ensemble of indepesented for low-velocity hydrogen ions. The other is the en-
dent single ions. Judging from the magnitude of the errohanced capture cross sectiorside a solid[38], presented
bars, we can say that the theoretical curves in both structuréer nitrogen ions. The electron-capture and the electron-loss
explain very well the trend of the experimental data. If weprocesses compete to determine the average charge. We won-
compare in more detail, the curves for the ring structures argler how the electron loss is reconciled with the capture there.
in better agreement, as the cluster sizgrows up. As for the In this paper, we presented a direct method to determine the
Cyo case, however, there is an exception that we discuss iaverage charge of cluster ions in a bulk.
detail. Different from the case of thicker foils, the In spite of the present charge-state bulk process, some-
Q(n)/Q(1) values calculated in the linear-chain and ringbody might point out the possibility of charge-changing pro-
structures are greater than the data at tféas than about 6 cess near and/or after the surface. In practice, for heavy ion
uglen) foils. At thickness 5.3ug/cn?, the data are largely projectiles, the post-foil ionization due to Auger decay were
scattered so that it is not easy to say which is the most prolebserved. However, this is not the true of light ions. If such
able data. Moreover, the data look like changing abruptly at charge-changing surface effect takes place, the observed
this foil thickness. As an attempt to elucidate this discrep-average charges are different from those inside a solid. In
ancy, we again calculated tlig(n) for the case of the stron- general, Auger decay enhances the charge of the emerging
ger correlation, i.e., th®,qy, ring structure, than th®g, ion more than that of the ion inside a solid. The average
structure. As expected, ti@(n)/Q(1) is lower than that of charge of the projectile inside a solid is directly connected
the linear-chained £ by 0.03 at most. Moreover, there is with the energy loss. In order to confirm our average-charge
only a few percent difference iQ(n) of C,o between in the model more strictly, we also calculate the energy loss of the
Dsy, and in theD 1, . The experimental data, however, is still corresponding cluster ions. In the energy range studied here
less than in the ring cases by about 0.03. Here, we magmore than a few keV/u not the elastic collision process but
suggest one possibility to explain this discrepancy. It is thehe electronic excitation is the dominat energy-loss mecha-
contraction of the ring along the direction of motion on en-nism. The theoretical energy-loss formula we employed here
tering a foil. This process would make the diameter of theis the wave-packet shell-by-shell meth@&8,34. So far, this
cluster shorter than that of the initial ring. Then it leads to themethod brought us the stopping cross sections of materials,
stronger spatial correlation and the low@(n)/Q(1) value. which are consistent with the available data not only for
Figure 4 shows the cluster-size dependence of the averagigle ions, but also for molecular ions in frozen charge
charge ratidQ(n)/Q(1) for the G, cluster ions at the kinetic states or in the dissociating state.
energy 2 MeV/atom, penetrating the 2u8/cnt carbon foil. Hereafter we focus on the energy loss of the clusters. A
The calculated values are denoted by the open circles for thgreat concern is to what extent the reduction of the average
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charge works in the energy loss. Figuréa)55(g) show the  chains. However, if we assume the ring structures, agreement
calculatedRE; [=AE(n)/n—AE(1)] of the carbon-cluster with the data becomes much better. At all events, Rig
ions at (a) E=2.275, (b) E=2.436, (c) E=2.65, (d) E values at this energy become negative, which is in contrast to
=295 (e E=3.40, (f) E=4.15, and (g E the higher-energy cases as shown in Fig®)-55(g). The
=5.65 MeV/atom, penetrating the carbon foil of 25 nm decreasingy dependence is theoretically found for tR&, ,
thickness together with the experimental data. The total enwhich is in quantitative agreement with the data. The reason
ergy loss in a foil is estimated by the pileup of those in thefor this aspect originates from the fact that the contribution
computation layers of a few nanometers thickness. The Cowsf the pair correlation works negative over the momentum-
lomb explosion process was successively incorporated laydransfer region, which is dominant in the stoppign Eqg.
by layer. The G clusters were assumed to have the linear<30).
chain structures fon=2-8 and also the ring structurg35] In order to clearly indicate the positive and the negative
for n=3, 4, 6, and 8. The cluster orientation was assumedharacters, we present the velocity dependence oRthge
random. In these figures, the open circles and the open diaalues in Figs. ® and 7b) for the linear-chained C(n
monds denote the theoretical energy-loss values, respee-2, 3, 4, 6, 8, 1Dand for the ring-structured &n=3, 4, 6,
tively, for the linear-chain and for the ring structures, with 8, 10, respectively, penetrating the carbon foil of 26.5 nm
the use of the present average charge the@vg call thickness at the velocityV ranging from v, (E
“present” mode). The crosses denote the theoretical results=0.30 MeV/atom) to 4.6, (E=6.075 MeV/atom). At the
under the assumption that the average charge of all ions ilower velocities, theRE, values for the ring structures are
the cluster is equal to that of the single ion at the equivalensmaller than for the linear-chain structure, while at the higher
velocity, i.e.,Q(n)/Q(1)=1 (we call “old” model). On the velocities this relation is reversed. In fact, tR&, values for
other hand, the solid squares with error bars indicate théhe ring G, amounts to be 1.16—1.32¥t=4.%, which are
experimental datd39]. From these figures, the old model larger than the linear-chain case at the equivalent velocity.
presents a monotonic and saturated increas® Bf with Let us define the threshold velocilyy, as the velocity at
increasingn, while the present model, yielding the maximum which theRE, curve crosses unity or thRE; curve crosses
of RE; aroundn=3 or 4, gives quite a good agreement with zero. Then one find¥;,=(1.9-2.4), in the linear-chain
the data. As is immediately understood, in comparison wittrclusters, and/y,=(2—-2.8) in the ring clusters. The latter
the results in the old model, one finds the suppression of thease presents a wider variation \fy,. These features also
RE; values, coming from the diminution of the average originate from the behavior of the pair-correlation function
charge. Moreover, the values REE; are still positive and the for the cluster. It is noticed that at the threshold velocity the
cluster effect can be predicted theoretically. This is valid inpair-correlation function itself does not vanish but its contri-
all cases of the kinetic energy presented. Let us move to thiution (the integration over the energy- and momentum-
structure dependence of tReE; values. In the carbon foil of  transfer regioh vanishes. This is different from the case
25 nm thickness, the theoretiddE; values in the ring struc- where the cluster atoms, penetrating a sufficiently thick foil,
tures atE =2.275 MeV/atom are only a bit greater than in the are fully dispersed and the pair correlation completely van-
linear-chain structures, while &=15.65 MeV/atom they are ishes, resulting ilrRE;=0 andRE,=1.
seriously greater as the number of atoms in the cluster in- In a final part, we would like to give some comments. The
creases. However, thRE; values in the ring structures are first is on the validity that we assume the immediate charge
still smaller than those predicted in the old model or theequilibrium to be accomplished on entering a foil. To discuss
asymptotic average-charge case. Here we would like to notemply, let us consider the case of two charge compon@nts
that in the energy-loss estimation, not only the magnitude odnd Q+1 being dominant. Solving the rate equation, we
the average charge but also the structure of the cluster, or, tliefine the charge equilibrium lengthX., by X4
pair correlation of atoms in the cluster, play dominant roles.=1[N(oq q+1+0g+10)]- Here ogq+1 and o1 de-
Thus we could find the remarkable result that the inclusiomote the electron-loss and-capture cross section, respectively,
of the present model on the cluster average charge giveendN is the number density of the target atoms. The charge
much better agreement with the experimental energy-los® is taken to be a value close to the equilibrium chagys,
data[39], and that though the cluster average charge per ior.g.,Q=3.0 atV=_3v,. According to the Born approxima-
becomes smaller than the single-ion average charge, the etien theory[5], the loss cross sectian; 4 for a hydrogenlike
ergy loss per ion is still positive. Namely, the cluster effect inion at V=_3v, colliding with a carbon atom is about 0.47
the energy loss is clearly recognized. X 10716 cP/atom. As N=0.11x 10?* atoms/cr for the

Up to here, we presented the positive cluster effect. Orarbon target, one can estimatgg<(No3,) '=1.93 nm.
the other hand, one can also see the negative one. As amis length is much shorter than the foil thickné25 nm so
example of the lower incident energies, Fig. 6 showsREg  that our assumption of the charge equilibrium being attained
values for the ¢ with the kinetic energy E  on entrance is not considered to be serious. Another com-
=1.01 MeV/atom, againsh. The theoretical results at ment is as for the wake effect. Now we assume the clusters
=3, 4, 6, and 8 refer to the ring structudenoted by the to be in random orientation so that the wake effect on defor-
open diamondsand others to the chain structuidenoted by mation of the cluster structure is not considered here. In
the open circles The solid squares with error bars denoteother words, under the random orientation, it cannot discern
the experimental datg20]. It is noted that the experimental which is the leading or the trailing ion. The more the number
RE; values are lower than the theoretical ones for the lineaof the constituent ions in the cluster, the more difficult the
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FIG. 5. (a)—(g) The cluster-size dependenceRE,;=AE(n)/n—AE(1) in keV, againsh of the G, clusters penetrating the 25 nm carbon
foil at the kinetic energyE=2.275—5.65 MeV/atom: the theoretical results with the presented average-charge(opedetircles, linear-
chain structures; open diamonds, ring structyrés experimental data by Baudin al.[39] (solid squares with and without error barBor
reference, the theoretical results with the assumptio®@f)=Q(1) for the linear-chained LCare shown by the crossésee text (a) E
=2.275,(b) E=2.436,(c) E=2.65,(d) E=2.95,(e) E=3.40,(f) E=4.15,(g) E=5.65 MeV/atom(see texk
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-]

guantitative estimation of the wake effect becomes. Now, we

3 think that the wake effect is not so serious since the induced
f wake waves with the wavelength=27V/w, [40] will in-
= —e—75 Py terfere with each other and resultantly they are expected to
< © o o o ¢ cancel out or at least become weaker as a whole. Neverthe-
S n A - less, from more rigorous points of view, the effect of the
= © induced charge on the cluster is still important. Our study of
et this effect is now in progress and the results will be pre-
< -10 : : : : . : . | sented in a forthcoming paper. One more comment is on the
6o 1 2 3 4 5 6 71 8 neglect of the edge effect, i.e., the neglect of the difference in
time when the cluster atoms enter or exit a foil. This edge
n of G, effect produces the time delay in the expansion of the ions.

This time delay is estimated byyea=Lc/V, WherelL is

the size of the cluster, which is much smaller than both the
dwell time 74,e;=D/V and the characteristic tims, of the
Coulomb explosion, wherB is the foil thickness. We found
that, in this case, the successive ionization process gives only
a negligibly small contribution to the Coulomb explosion.

In conclusion, a fluid-mechanical model with satisfying
self-consistency is presented for the cluster average charge in
the bulk. This average-charge theory will be applicable ex-
cept for the cases where only a few quantum levels are sig-
nificant, e.g., at very low velocities. It is remarkable that
inspite of the reduction of the cluster average charge, we still
can find the positive cluster effect in the inelastic energy
losses in the bulk. This model can explain the measured av-
v erage charges as well as the measured energy loss of the
/ carbon clusters. In other words, our treatment reconciled the
1 / cluster average charge inside a solid with the cluster energy
,.{’_' loss inside a solid. This means that the dominant charge-
= =15 changing and electron excitation processes occur in the bulk
----- i rather than near the surfaces. In this way the recent experi-
1 15 2 25 3 35 4 45 mental data on the cluster-impact phenomena are sufficiently

meaningful and valuable. In future, further data on the clus-
V/ VY ter with the higher energies, obtained simultaneously both on
the charge state and on the energy loss, will be expected to
b confirm this conclusion, and study further the interaction of
(b) the polyatomic ions with the materials.

FIG. 6. The cluster-size dependence &E;=AE(n)/n
—AE(1) in keV, againsh of the G, clusters penetrating the 25 nm
carbon foil atE=1.01 MeV/atom: the theoretical results with the
presented average-charge modgpen circles, linear-chain struc-
tures; open diamonds, ring structurethe experimental datg0]
(solid squares(see text
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APPENDIX

0.8 1 15 2 25 35 4 45 Here we derive the expressigR9) on the basis of a sta-
tistical method. Let us consider a partially stripped ion of
V/ VY atomic numberZ, on which N electrons are bound. As a
spatial distribution function, now we assume the Thomas-
FIG. 7. (@ The \velocity dependence of RE, Fermi-Moliere type as
=AE(n)/[nAE(1)], calculated for the linear-chain,(h=2-10)
clusters penetrating a carbon foil of 26.5 nm thickness at velocity 3
V=vy-4.24: n=2 (thick solid line, n=3 (broken ling, n=4 L N B ,Bj"
(dot-dashed ling n=6 (dot-dot-dashed line n=8 (dotted line, p(r)= 4_2 j K A
andn= 10 (thin solid ling. (b). Same as ir{a) except for the ring
C,(n=3,4,6,8,10) clustersn=3 (broken ling, n=4 (dot-dashed
line), n=6 (dot-dot-dashed line n=8 (dotted ling, andn=10  Here A is the screening parameter to be determined later.
(thin solid line. Now we calculate the kinetic enerdsy, of the electrons, the
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nuclear-electron interaction enerdy;,., and the electron-
electron interaction energ,. as functions of the electron
densityp(r) in the following:

3 2 2 N5/3
1= (370% [ dp( = AT S

r ZN

Ene:_zezf rp( )=—Be2T,

~ _, p(Np(F") p( >p( N2
——f drf dr =Ce e
where A=0.4279 as in the text, anf= Erla Bj=1.365,
andC= 21,12|,1a a;B3iBj!(Bi+ B;)=0.4523.

Thus one obtains the total enerBy,=E,+E, .+ uE..aS a
function of A. Here we introduced a variational parameger
The screening parametarcan be determined from the mini-
mum conditiondE;,;/dA=0 to be

2AN2/3
~BZ—(w/2)CN”

Substituting this expression intB,,;, and minimizing E;
with respect toN for neutral-atom condition, i.eJEy/dN

PHYSICAL REVIEW A 66, 052901 (2002

=0 atN=2Z, one getsu=2B/(7C). Substituting this rela-
tion into A, we finally obtain the expression

A=0.626N>3ay/(Z—NI7).

Equation(29) in the text is the Fourier transform of(r).

Concluding this appendix, we make a comment on Eq.
(29). If we setN=Z in Eq. (29), the screening length for
neutral atoms is given by =0.7314Z~3a,, which is close
to the Thomas-Fermi (TF) screening

length A+
=0.885Z 3a,, and the resultant charge density in the

Fourier spacep(lZ) is also close to the corresponding TF
values. For comparison, Brandt and KitagaiB&) obtained
Agx=0.56 " 3a, for neutral atoms, using the electron den-
sity  p(F)=N/(4mwA?%r)exp(—r/A) [30]. Our three-
exponential-term description is actually a refinement of the
BK model. In fact, the form factorp(IZ) obtained by us for
neutral atomgset N=Z in Eq. (29)] are rather closer to
those calculated from the Hartree-FotkF) wave functions
than the BK values. The BK model overestimates the screen-
ing of the bound electrons, resulting in the ion charge,

—p(lZ), in the Fourier space smaller than that in the HF and

in the present cases. This feature of the BL model leads to, as
an example, the electronic stopping powers for heavy ions
much smaller than the HF and the present model at low
velocities.
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