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Vicinage effect on the charge state of fast clusters in solids
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We present a theoretical model for the recent experimental finding by Brutedle[Phys. Rev. A59, 4456
(1999] of a reduction of average charge per ion in fagtollisters traversing thin carbon foils. This vicinage
effect, due to the interaction of the electrons bound at each constituent ion with the neighboring ions, is
described by the linear-response formalism, coupled with a statistical description of the cluster structure and
the Brandt-Kitagawa variational theory for the bound electrons. The results obtained agree well with the
experimental data.

PACS numbgs): 34.50.Bw, 36.40-c, 61.46+w, 61.85:+p

The interaction of correlated ions with the electron gas inindividual target atoms. The evolution of the cluster structure
solid targets has remained the focus of research since thender the simultaneous action of the Coulomb explosioch
early experimentd|1] and theoretical2,3] studies. It is now the multiple scattering presents a difficult challenge, which
well documented experimentall¢] that the energy losses of Was investigated by Sigmund3] for small clusters, with an

fast atomic clusters, due to electron excitations in solids, ar@SSUmption of unscreened Coulomb interaction. Having in

strongly influenced by the interference resulting from themlnd a possjble stabilization of large clusters against Cou-
spatial correlation among the cluster constituent articlesIomb explosion due to the wake pattem, we have demon-
P 9 P trated that the multiple scattering plays an important role in

This so-called vicinage effect on the electronic stopping Ofrsnodifying the vicinage effect on cluster stopping poVi].

clusters has been described theoretically by Arista and co-' gq’tar. in theoretical studies of cluster interactions with
workers[2,5], who argued that the linear-response formalismgig targets, the cluster constituent ions have been treated as
[6] may be applied when cluster speeds exceed Bohr velocpoim charges, with the ion chargg being an independent
ity, and used statistical models for the structure of randomlyparameter, which may be obtained from empirical data for
oriented clusters. single ions in solidg3,14]. However, it has been reported
Since fast atomic projectiles are efficiently stripped ofvery recently by Brunellet al.[15] that the average charge
their electrons soon upon entering the solid target, a clustesf each cluster constituent ion is significantlgducedas
generally experiences the Coulomb explosion due to the dyeompared to that of a single ion at the same velocity, for
namically screened interaction between its constituent ions;arbon clusters C(3<n=10) exiting thin carbon foils in
which was utilized to study the spatial arrangement of smalthe energy range from 1 to 4 MeV per atom. The mechanism
clusters after traversing thin foil§]. However, the evolution responsible for this reduction is taken to be the vicinage ef-
of the structure of large clusters under the Coulomb explofect, where the neighboring ions create a perturbation of the
sion still remains an open problem, with a potentially signifi- potential, which results in a stronger binding of the remain-
cant impact on the studies of cluster energy losses in solididig electrons at each ion within the cluster.
and in fusion plasmag3]. In this context, Nardi and Zina- Here we develop a simple theoretical model for the ex-
mon [9] have used a molecular-dynamic simulation to de-perimental findings of Brunellet al. by treating the vicinage
scribe the Coulomb explosion of fasgdZlusters, assuming effect along lines similar to those developed in cluster self-
a Yukawa-type interionic interaction. We have studied re-energy studieg10,11. In order to handle the ion charge
cently[10,11] aspects of Coulomb explosion of large clustersstates, we have to adopt a localized model for the electron
by means of the concept of vicinage self-enef@®], and  structure on each constituent ion that is capable of reflecting
found that the wake pattern in the dynamical polarization ofthe stabilizing role of the vicinage potential due to the neigh-
the electron gas may slow down, or even hinder, the Couboring ions. Computations can be kept tractable by means of
lomb explosion for certain ranges of cluster sizes and speedthe simple but robust variational model for the electron struc-
In the course of cluster penetration through a thin foil, theture of isolated ions traversing solid targets, developed by
structure of a fast cluster is spatially dispersed due to mulBrandt and KitagawdBK) [16]. The BK theory, which is
tiple elastic collisions of each cluster constituent ion with theone of the most efficient methods for dealing with electronic
stopping ofheavyions in solids[14,17], focuses on modifi-
cations of the linear-response formali$6i for the stopping
*Also with the Guelph-Waterloo Program for Graduate Work in power of asingleion, by taking into account the distribution
Physics. of the bound electrons in a version of the statistical model
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with. exponentigl sc.reening. Thegyuilibrium cha_rgg state of domly oriented homogeneous clusfér10], with Fg(r,r’)

the ion is obtained in the BK theory by a variational proce-=pF9(r)Fo(r")G3(|r—r’|), whereF2(r) is the normalized
dure[16], coupled with the so-called energy stripping crite- one-particle distribution function of ion positions in the clus-
rion [17]. We use the variational aspects of BK theory for anter center-of-mass frame of reference, while the pair distri-
ion within the cluster, supplemented by the vicinage potenpytion function Gg may be modeled by(;g(r)zc(r

tial of neighboring ions, to deduce the average ch@g@er  —d_ ) [5]. Here,C is a constant determined by the normal-
ion in an n-component cluster. Atomic units are usedization of F3, d,, is the exclusion distance for interionic
throughout, unless otherwise indicated. spacing within the cluster, arfdl is the Heaviside step func-

We consider a homonuclear clusterrofons with atomic  tion. We adopt the spherical-ball model of the clug®a.0],
numberZ, traveling at a constant velocity, with the ions  with Fg(r)=(4wr§/3)*l®(rc—r), wherer. is the cluster
placed at the positions , 1<j=n, relative to the center of radius which scales with the exclusion distance approxi-
mass of the cluster. We assume that the electron densityately asr = (d,/2)n*">.
pe(r;N,A), centered at each ion in the cluster, is a radially Regarding the evolution of the cluster structure with in-
symmetric function normalized to the numbierof bound creasing penetration depf, we assume that the multiple
electrons, and parametrized by the variational gizef the  scattering at the target atoms is the dominant mechanism, as
ion. The vicinage energy of the interaction of the electronscompared to the Coulomb explosion. This may be rational-
bound at the iorj with the remaining (—1) ions in the ized by a possible slowing down of the Coulomb explosion,
cluster is due to the stabilizing effect of the wake pattern in the inte-
rionic interaction[10,11], or by the fact that the Coulomb
explosion, under the dynamically screened Yukawa-type in-
teraction, quickly enters the ballistic regime, after traveling
very short distances in the tardéX]. Of course, the experi-
with the Fourier transform of the potential of the remaining mental finding[15] of the charge state reduction, due to the
cluster ions given by the solution of the Poisson equationyicinage effect itself reduces the intensity of the Coulomb
@ (k,w) = (47/k?) p(k,»)/ (K, w), wheree(k,w) is the di-  explosion to some extent, while the multiple scattering re-
electric function of the electron gas apdk,) is the Fou- mains unaffected by this charge reduction.
rier transform of the total charge density of the remaining Multiple scattering of asinglefast ion proceeds through a
ions random sequence of small-angle deflections, with a negli-
gible change in the ion velocity. Under the assumption of
small-angle elastic scattering at target atoms, the two-

p(r,t)= gfj [Z8(r=r =) = pe(r =1 =VEN, A . dimensional Fourier transforid (K ; D) of the distribution of

ion displacements in a plane perpendiculavtat the depth
At this point, the problem may be made tractable if we asD, may be obtained in a closed fofrh1,20], which satisfies
sume that all the ion charges are equal within the cluster, i.ethe normalization conditiotH(K=0;D)=H(K;D=0)=1.
N;=N and, consequently\;= A for all j, so that the aver- Statls.tlcal mdependence of the multiple scattering of gach
age charge per ion ©=Z—N. Then, the average vicinage constituent ion of the cluster then allows the two-particle
energy per iorE,i(N,A;D)=(El ) is distribution  function to. be \{vrltten as Fz(k;D)
=|H(K;D)|?F3(k) [11]. Using an inverse-square radially
symmetric scattering potentigl4,2Q further yields a simple

Ejuic=—fdrpe(r—r]-—vt;N]-,Aj)fI)(r,t), 1

n

E,ic(N,A;D)=—(n— 1)f L34:-pe(k;N,A) yet realistic resultH(K;D)=exp(—aDK), where a is a
(2m)° k constan{11].
F,(k:D) It may be shown from the procedure outlined below that
X[Z— pe(K;N,A)] 2—’, (2)  theion size parameteY is by far the shortest length scale in
e(k.k-v) the vicinage energy?2), so that the Fourier transform of the

, , electron density may be approximated bykits O limit, i.e.,
whereF,(k;D)=[fdrdr’ e ""IF,(r,r’;D) is the Fou- ,_(k;N,A)=N. This gives the point-charge approximation
rier transform of the two-particle distribution function for the average vicinage enerdg) as E,ic(N;D)=—N(Z
Fo(r,r’;D) of the cluster constituent ions normalized to —N)(n—1)E, (D), where
unity: F,(k=0;D)=1. Here,D is the distance the cluster v

has traversed through the target. ~ 2 (=dk kv
After traversing a very short target thickneBs of the E,(D)= v o ?Fg(k) JO dw H?(Vk*~ 0?/v?D)
order of 1ug/cn?, the ion charge states are already equili-
brated, but the cluster structure is still very close to the initial 1
structure of the incident cluster, because both the multiple X eL(k,w) ©)

scattering[18] and the Coulomb explosioi9] have negli-

gible effects on cluster dispersion in the initial stages of penis a generalization of the reduced vicinage self-energy of a
etration through the target. In this limit, we use cluster of unit point charges, in the notation [df0]. Note

the initial two-particle distribution functionF3(r,r')  thatE, describes, in an average manner, the effective inter-
=F,(r,r’';D=0), corresponding to the structure of a ran- action potential between a pair of cluster constituent ions,
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FIG. 1. Charge state ratig,=Q,/Q; versus the numben of IT—I%/{
constituent ions in Gclusters with the energy 2 MeV/atom passing 0.8 C
through the carbon foil of thickness 2.2g/cn?. Points with the ’ 3
error bars are experimental data fr¢@b]. Theoretical results are :
shown for PLA (thick solid line,d¢,=1.9 a.u), Yukawa (dashed 1 10 100
line, dey=3.8 a.u) and Coulomb(thin solid line, de,=18 a.u) Foil thickness D (in pg/cm?)

models.

FIG. 2. Charge state ratig,=Q,/Q, versus the foil thickness
with appropriate weighting of the near and distant neighborsp (in ng/cn?) for the 2 MeV/atom clusters Gwith n=3, 5, 8, and
It should be also noted that the point-charge approximationo. Points with the error bars are experimental data frbSh while
(3) is justified for the vicinage energy of heavy ions, wherethe theoretical results are shown by the thick solid lines.
only the long-ranged interactions, as compared to the ion
size, are important, while the stopping power calculations fothe BK theory is to obtain the velocity-dependent average
heavy ions require both the distant and close interactionssjumberN of the bound electrons from the energy stripping
Since the dependence é‘u on cluster structure is deter- criterion, where the total energy of bound electrons in the
mined by the model used for the dielectric functiefk,»),  laboratory ~ frame  of  reference, Ej,p(N)=Nv?/2
several cases are considered. First, we use the plasmon-poteEiso(N,A(N))+E,ic(N;D), is minimal [17]. The condi-
approximation(PLA) [6] for the dielectric function, which tion JE,,/IN=0 yields the equation for=N/Z, namely,
exhibits a wake pattern in the interionic interaction within

the cluster. Next, we model the dynamically screened v \? (L=Apld)(1—=TN\uld) 3
Yukawa-type interaction between the ions by using 2@ o) = 3,28 +Z(1=2p)A,
Re 1/e(k,w)]=k?/(k?+k2), with a velocity-dependent ® @

screening lengtlk_ * [21]. Finally, the bare Coulomb inter-
action is obtained by taking(k,w)=1. which is easily solved, resulting in an average cha@e
We now turn to the determination of the structure of elec-=z(1— ) per ion in ann-component cluster.
trons bound at an ion within the cluster. In the frame of One set of experimental results by Brunedieal. [15]
reference moving with the cluster, the total electron energy afieals with a very thin carbon foil of thickness 2.@)/cnt,
each ion consists of the energy arising from the interactiongnd provides the data for the average charge stite q,
localized at the isolated ion, plus the vicinage energy due te-Q_/Q,, whereQ; is the average charge state of a single
the interactions with the neighboring ions, that is,jon, for G, clusters with the energy 2 MeV/atom. For such a
Etot(N,A) =Eiso(N,A) +E,ic(N;D). In the BK theory{16],  thin foil, the dispersion of the cluster ions is relatively small,
the variational electron density is modeled py(r;N,A)  so that the cluster structure may be considered close to its
=N exp(~r/A)/(4wA%), and the electron energy of an iso- initial structure at the entrance to the foil, with the estimated
lated ion is obtained aKso(N,A)=aN>¥A%+(N4)N’/A  value of the exclusion distance of abalgt=3.8[15]. At the
—ZN/A, where the three terms represent, respectively, thgresent level of understanding of the initial transient stages
electron kinetic energy witta=0.24, the electron-electron of the cluster breakup in the target, it is difficult to make a
interaction weighted for correlation in an average manner bynore reliable estimate af,,. Thus, we neglect the multiple
the variational parametex, and the electron-nucleus inter- scattering effects by setting=0 in Eq.(3) and treatd,, in
action. Following the variational procedure of BK6], the  the initial two-particle distributiorF) as a free parameter,
condition JE;/dA=0 gives the ion size A(N) testing its values against various models for the dielectric
=(23/21/3}M2/3/(1_—?\M/4), where u=N/Z, while the pa-  function. In Fig. 1 we present the experimental points from
rameter\ is obtained from the requirement thaE../dN  [15] for q,, against the number of cluster constituentgo-
=0 whenN=Z, that is, when the cluster is neutral. We gether with the results of our calculations for the PLA model
obtain A = (4/7)(4—3y1+A), where A=(28/3)@@/Z*3(n  (thick solid curve, Yukawa-type interactioidashed curve
—~1)E,(D), with E,(D) given by Eq.(3). The final step in and the bare Coulomb interactiohin solid curve. As

062901-3



MIéKOVIé, DAVISON, GOODMAN, LIU, AND WANG PHYSICAL REVIEW A 61 062901

pointed out in[15], q, is a decreasing function of, regard- ~ parameters were used, the agreement with the experiment is

less of the detailed cluster structure, in support of ourSUrPrisingly good. .
spherical-ball model. In order to make the best fit to the In conclusion, we have developed a composite, but self-
P ' consistent, theoretical model for the vicinage effect on the

experimental data for each model, we chdgg=1.9 forthe  ayerage charge state per ion in fast clusters traversing thin
PLA model, dg,=3.8 for the Yukawa model, ande,=18  solid foils. Reduction of ion charges is obtained from the
for the bare Coulomb case. It is clear that the required valuegariational-statistical approach of the BK thediy6,17] as a

of d for the PLA and Yukawa models are within a realistic result of stronger binding of electrons in an ion due to the
expectation of the exclusion distance at the exit from a veryicinage interaction with the neighboring ions, which is
thin foil, while the bare Coulomb interaction may be ruled equivalent to the enhanced electron capture probabilities in

out. Whether the Yukawa interaction suffices, or the PLAINE Kinetic-equation-based phenomenological approach of
Maor et al.[22]. Our theory is essentially parameter-free and

model shou_ld b_e used, may be clarl_fled when the d_ata on tht?ﬁe calculations are easily tractable, requiring at most one
actual distribution of charges per ion, preferably in larger, merical integration. The results obtained agree well with
clusters, become available. In the following, we use thehe experimental datfl5] for ion charges in § clusters
Yukawa model, because it is simpler and it gives the reSU'tﬁaversing a very thin foil, if the appropriate dynamica] po-
for g, in Fig. 1, which are less sensitive to variationsdity larization of the electron gas in the solid is taken into ac-
than the PLA model. count, together with the realistic values of interionic dis-
Another set of experimental data by Brunedieal. [15]  tances within the cluster. Furthermore, we succeeded in
follows the dependence of the average reduced chigrger ~ reproducing the observed ion charge dependence on increas-
ion on the carbon foil thicknesB in the range 2.2 to 40 Ng foil thickness, based only on the multiple scattering

uglen?, for several G clusters with energy of 2 MeV/atom mechanism of the cluster dispersion in the foil. In order to

. provide further evidence of the domination of the multiple
\s/\t/reucliifettc]s ggk(;\;v;errzggekl);nt:e@rzq,u?c?;;a}sk:a:tzerir?g;u?)frth scattering over the Coulomb explosion, a detailed molecular

; - ) ynamics simulation including both these processes should
target atoms, starting from the initial spherical-ball clusterpq performed. However, such a study becomes complicated
model with de,=3.8. In Fig. 2 we show the experimental py the need to couple the equations of motion for cluster
points for the G clusters withn=3, 5, 8, and 10, together constituent ions with a self-consistent solution for their
with the theoretical results, represented by the solid lines. Asharges, in order to take into account the vicinage effect in
expected, the weakening of the vicinage effect, due to théarge clusters.

dispersion of the interionic distances within the cluster dur- The work reported here was supported by the Natural Sci-
ing target penetration, leads to a weakening of the chargesnces and Engineering Research Council of Canada. Y.N.W.
state reduction with the increasing foil thickn@ssuch that  gratefully acknowledges support by the National Natural Sci-

q, slowly approaches unity in thick foils, for ail Given the  ence Foundation of China and the grants from the National
simplicity of the present theory and the fact that no freeEducation Ministry of China.
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