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lon-charge distribution in fast, partially stripped clusters passing thin foils
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We provide a self-consistent theoretical model describing the vicinage effect on charge states of partially
stripped ions in a large cluster traversing a thin solid foil at a high speed. Starting from Brandt-Kitagawa
variational theory for the effective charge on a fast heavy ion, supplemented by the dynamically screened
interionic interactions within the cluster, we obtain a nonlinear integral equation for a function describing the
spatial distribution of ion charges throughout the cluster. Numerical solutions of such an equation show that the
ions in the cluster interior become increasingly neutralized as the cluster size grows.
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Stopping of fast heavy iongwith atomic numbersZ The vicinage effect on the charge state of partially
=3) is still an open problem that continues to attract theo-stripped ions in clusters of arbitrary size has been described
retical attentior 1], owing to the fact that such ions are only recently by a theoretical modg10] that combines the self-
partially stripped of their valence electrons when movingenergy calculations for atomic clusters in soljd4,12 with
through solid targets at speeds in excess of the Bohr speed.tAe variational aspects of the BK modé,4] for the elec-
statistical model for ion screening by the remaining boundronic structure of isolated heavy ions moving through solids.
electrons was proposed by Brandt and Kitagd®#) some  Our model[10] has successfully described recent experimen-
twenty years agd2], has been used with confidence evertal data[9] for the dependence of average ion charge on the
since[3], and continues to a play central role in modernnumbern of constituent particles in carbon clusters (3
developments of the theory of heavy-ion stoppitgd]. =n=<10), as well as the dependence of this charge on the

On the other hand, stopping of atomic clusters in solids igarget thickness, based on cluster dispersion due to multiple
another problem with rich history, which has been reviewedscatterind 13]. Moreover, we have combined our repfto]
recently[5,6]. Interest in cluster stopping originates from a with Arista’s model[6] for stopping power of heavy-atom
possibility that the energy loss per constituent ion in a clusteclusters, in order to study the complicated interplay between
may be enhanced, compared to the energy loss of an isolatéige vicinage effects on the ion-charge states and on the clus-
ion at the same speed, due to close spatial correlation amoner stopping power, which is responsible for the reduction or
the cluster constituents, which is concisely described as theven reversal of the above-mentioned energy-loss enhance-
vicinage effect. While this enhancement has been document. For example, experimental data on charge-state reduc-
mented for fast hydrogen clusters traversing thin foils, thetion of N, constituents in carbon foilg8] have been repro-
data on clusters made of heavier atoms, such aar@ B, , duced by our reporfl4], leading to a successful resolution
generally exhibit rather weak vicinage effect on the clustef14,15 of the long-standing puzzle of reduced energy losses
stopping powef5,6], or even a reduction of the energy loss of fast N, molecules in carbon foil7]. Finally, it should be
per ion, as in the case of,N7]. stressed that the vicinage effect on ion charges is expected to

The main cause of this suppression, or even reversal, dhfluence the dynamics of Coulomb explosion of heavy-ion
the energy-loss enhancement for heavy-atom clusters lies itlusters in a significant way, as shown[ib].
the fact that the charge state of each ion is influenced by the In previous implementations of our modgl0,15, we
vicinity of other ions in the cluster. Namely, experimental have obtained the average charge per ion based on the as-
measurements on fast,Nnolecules[8] and G, clusters[9]  sumption that all the constituent ions carry equal charges
have shown that the average charge of cluster constituetitroughout a randomly oriented cluster, which facilitates a
ions, after traversing a thin carbon foil, emerges significantlysolution of a system of coupled algebraic equations for indi-
reduced compared to the charge of a single ion at the samédual ion charges. We wish to investigate in the present
speed. The mechanism responsible for this charge reductioeport the spatial inhomogeneities, if any, of the distribution
is taken to be the vicinage effect, where the neighboring ionsf ion charges throughout relatively large clusters. This will
create a perturbation of the potential, which results in ae achieved by introducing joint charge-state—configuration-
stronger binding of the remaining electrons at each iorspace distribution functions for the cluster constituent ions,
within the cluster. Such a vicinage effect has been confirmedllowing a translation of the system of algebraic equations
by measurements with different foil thicknes$8s9], show- into a single integral equation for a function describing the
ing that the charge-state reduction diminishes with increasingpatial distribution of ion charges throughout a large ran-
penetration time on a time-scale characteristic of cluster disdomly oriented cluster. This integral equation will be solved
persion due to Coulomb explosion and/or multiple elasticnumerically, with the interionic interaction modeled by a dy-
scattering of cluster constituents on target atoms. namically screened Yukawa-type potential, for the case of
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fast sodium clusters traversing a thin foil. Atomic units aredistribution functionF,(Q;r) for an ion to have charg®

used throughout unless otherwise indicated. and be placed at the positionin the cluster by
We consider am-component homonuclear cluster, enter-

ing a solid target with velocity. The change in individual 10

ion velocities due to energy loss, Coulomb explosion, orF,(Q;r)={( - >, 8(Q—Q))a(r—r;) ) =8(Q—q(r))f(r),
multiple scattering, will be negligible compareduso that nij=1

one may assume that all the ions move with constant velocity )

v in the course of penetration through the target.Z be the .
where the average is taken over an ensemble of all the cluster

atomic number of the constituent ions aNgthe number of ) ) | ) ;
configurations in a beam of randomly oriented clusters, while

bound electrons at thigh ion (1<j=<n), which is placed at ‘ i< th icle distribution f o for th
the positionr; in the cluster center-of-mass frame of refer- . 1(r) is the standard one-particle distribution function for the

ence. Since the typical ion sizes are much smaller than thi@" Positions. Our goal is to determine, in a self-consistent
typical interionic distancels, —r;|, one may apply the point- manner, the functiomw(r) describing the s_pat|al d|str|but!on
charge approximation for the interaction energy among disQf lon Chafges throughput a clustgr ofa given structure in t_he
tinct ion pairs in the clustdrl0,15. Thus, the total electronic conﬂgurgﬂon Space. Slnce_ the pair correlation among the 'on
energy of the cluster in the laboratory frame of referencé@rges in this approach is a consequence of the correlation
consists of the kinetic energy of all bound electrons due tgmong the ion positions in the conﬂggratpn Space, we may
cluster motion at speed, the internal energy of the bound write for the joint two-particle probability distribution
electrons in isolated ions, and the interionic interaction en- N
ergy, viz., L, 1

gy Fo(Q,Q';r,r')= mz > 8Q-Q)

n 2 n J=11#]

E=3 N5+ EiolN))
1= X 8(Q'=Q)S(r—r)d(r'—ry)

1 n
t3 2 2 @-N)EZ-NU). @ ~o[Q=q(N18Q" ~a(r)Ifo(r.r).
. . . (6)
Here, the energy of the isolated ion witkbound electrons
is taken from the BK modd]2], Here, the two-particle distribution function in the configura-
tion space may be factorized in the usual w#&yl2] as
E. (N):_i/a N e _1N ? @) fo(r,r")="F1(r)f1(r")go(Jr—r']), with g, being related to
Iso 4a\Z 72" the familiar pair-correlation functioh6]. Note that the dis-

_ _ _ _ _ tribution functionsf,(r) andf,(r,r’) are chosen to be each
with a=0.24, while the dynamically screened interaction po-normalized to unity, in order to emphasize the role of the
tential among the two-unit point charges at the relative posicluster sizen in the following.

tion rjy=r;—r; is defined by With such a statistical approach, it is possible to use Eqg.
_ (1) to express the ensemble average of the total electron en-
U _f d’k 4x  ekr 3 ergy per ion in the laboratory framé;=(E, /n), as follows:
(= (2m)® k2 e(kk-v)’ ®)

02
= 3 —
with e(k,w) being the dielectric function of the medium. We Edan]= f d*r[Z2=a(n]fs(r)

further follow the variational approach of the BK thed2j 1

and apply the so-called energy stripping criterjdih, where +f A3 E_TZ—a(H1f(r+=(n—1
we seek the minimum of the total enerBy relative to the isol 2= AN ]2(r) 2( )
electron populationdN; on all the ions. This minimum is

achieved by solvingn coupled equationsdE, /dN;=0 Xf f d3r d3’ q(r) q(rHU(r—r’")fo(r,r’).
(10,15,

b2 n (7)
7+E‘S°(Nj)_j;;:l (Z=N)U(rp)=0, for 1<j=n. In the spirit of the above variational approach, we minimize

(4)  the functional€,[q(r)] by taking the functional derivative
and solving the equatio®&./5q(r)=0, which gives the
Note that the self consistency of this procedure is expresseabnlinear integral equation for the unknown functipfr),
by the fact that the solution for the char@g=Z—N; on

each ion ((j=n) becomes a function of the positions of v2
all the ions in the clusteQ;=Q;(ry,ro, ... [ry). - ?+E6[q(r)]+(n—1) dr'q(r')f(r’)
Since the solution of Eqs4) becomes prohibitive for
large clusters, we introduce the joint one-particle probability Xgo([r=r"HU(r—r’)=0, (8)
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where E4(q) is the derivative of the functionEy(q) 1

=E;sx(Z—q) for g>0, while we takeEg(q) =0 for q<O0 to

prevent the formation of negative ions. Equati@) is our 1 M

main result, which replaces the system of E@b. in the

statistical approach. We note that setting1 in Eq. (8) 0.8l

gives an algebraic equation for the velocity-dependent effec- n=

tive chargeQ, on an isolated iofi4]. q(r) 50
In general, the integral E¢8) contains complete informa- Qo | 100

tion on the cluster structure through the distribution func- 20

tions f; and g,, as well as the details of the dynamical 0.67

screening of the interaction potential via ). Although

this interaction may exhibit strong anisotropy due to wake

effects[16], even for randomly oriented clusters, we adopt

here an approach that is more popular in the studies of Cou- 04

lomb explosion of clusters, that is, we model the interionic o 0.2 0.4 0.6 0.8 1

interaction potential by a Yukawa-like formU(r) r/rg

=r lexp(ky), Wherek;l is a velocity-dependent screen-

Ik?égirignt%g]ligjizcl:,t:/(\l)lrghpﬁgzmhf?r(;/;ﬁ%g/lg?lttrl:é tar;é(tl_)p'\h;goveﬁlusters versus the r.educed radial distantrg, for cluster speed

. . . =3 a.u. in an Al foil.
assuming a randomly oriented cluster, one may use a S|mpFe

spherical-ball model of a homogeneous clu$fet, 18, such o
that f1(f)Ef1(f)=(47Tr3|/3)_l(fc|—f) where® is the @ way that the interior of the cluster tends to become more
C 1

neutral in larger clusters. Interestingly, there is little variation
with the cluster size of charge states for those ions occupying
the surface region of the cluster. This then implies that the
Coulomb explosion of large clusters would initially peel off
the outer regions with higher ion charges, which would even-
tually raise the charges of the remaining ions emerging on
the cluster surface, thus providing a new fuel for bursting off
the remaining of the cluster.
It is interesting to speculate about the solution rier 10

ol in Fig. 1, which shows an increase of the charge distribution
f dr’r’ q(r’)[e k' *n) in the cluster interior, contrary to all other cases of larger

0 clusters that exhibit charge reduction in the interior. Physi-

FIG. 1. Reduced distribution of ion chargeg¢r)/Qg in Na,

unit step function and ;= (de,/2)n*® is the cluster radius
with de, being the exclusion distance among the cluster con
stituent ions, while the pair correlation is described by
0,(r)=CO(r—dgy, where the constari fixes the normal-
ization[18]. With such assumptions, the unknown functipn
in Eq. (8) is rendered dependent only on the radial distance
from the center of the cluster, so that the integral B).
reduces to

u2+E,[ ( )]+3(n—1)C
—_—— r —_—
2 "ol 2kgr3r

kool 1)) , , B cally, in such small clusters, practically all constituent ions
—e s 10(r"+r=p(|r'=r))=0, 9 lie on the cluster surfacgl8], and a spherical-shell model
[12] for f1(r) would be more appropriate. Nevertheless, the
n=10 solution is not entirely unphysical, since the
configuration-space factdr, in the joint distribution func-
tion F,, Eq. (6), will preclude population of the cluster inte-

wherep(|r’ —r|)=max@gy,|r' —r]).
Clearly, Eq.(9) has to be solved numerically. In our pro-
cedure, Eq(9) was discretized into a matrix equation of the

form —v?/2+ Eo(9,)+=,K,,q,=0 and solved by succes- by | . h I cl | I

. . ions, d by —u22+E (gl D) rior by ions in such small clusters. In a more general context,
sive |te(ri;;1t|ons governe y v 0\ Hu while the functionq(r) is defined for all positions, within
+2,Ky,q;7=0. Here, matrix ,, replaces the kernel of the yhe cluster or even outside the cluster, the actual probability
integral term in Eq(9), while ¢} stands for théth iteration oy an ion to occupy a small volumr, centered at a posi-
of the vectorq,, replacing Fhe functiorg(r). Owing to the  tion r, and to have the charg®@=q(r), is constrained by
smoothness of the kernel in E() and the monotonicity of  factors describing the spatial distribution of the constituent
the functionE((q), a stable and unique solution farwas jons within the cluster.
obtained after about ten iterations with the size of discretiza- Furthermore, the average charge per ion has been evalu-
tion being 20, regardless of the initial iteratiqff’ , with the  ated as(Q)=[d® q(r)f,(r), and the results are displayed
most practical choice beir@f)on. in Fig. 2 for the speeds=2, 3, 4, and 5, in a wide range of

We have solved Eq(9) for sodium clustersd.,=6.9), cluster sizesn. It is seen that the strong increase of ion

with the sizes up to= 200, which move through an alumi- charges in small clusters with the speed is attenuated through
num target at the speed=3. Although the choice of the a steady reduction of those charges with increasing cluster
parameters does not necessarily fall into the range of expersize. Finally, we have tested the validity of the assumption
mental feasibility, we nevertheless show the results for thenade in[10] that the average charge per iogg, may be
reduced charge functiog(r)/Qq versus the reduced radial approximately obtained by taking all ion charges in the clus-
distancer/r, in Fig. 1, in order to discuss the qualitative ter to be equal, and found a very good agreement between
features of the ion-charge distribution. It is obvious that thisq,, and (Q). We note thatq,, is obtained in the present
distribution depends on the ion position in the cluster in suctcontext from Eq. (8) by first setting q(r)=q(r')=qa,
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0.7 In conclusion, we have shown that the ion charges will
generally decrease as the cluster size increases due to the
06 vicinage effect, but the spatial distribution of those charges
’ throughout the cluster may be quite nonhomogeneous. One
may expect that such effects will generally reduce the cluster
0.5 energy loss and will slow down the Coulomb explosj&s],
(@ compared to the picture in which the charge states of the
Z04- cluster constituent ions are considered frozen. It may be fur-
’ ther expected that the nonhomogeneity of the ion-charge dis-
tribution will be even more pronounced when an anisotropi-
0.3 cally screened interaction potentidl(r), exhibiting a wake
pattern, is used in Ed8), thus further accentuating the an-
0.2] isotropy of the Coulomb explosion patterfid]. We finally

note that our goal in future work is to explore possible ad-
0 1 2 3 vantages in using the integral-equation formulation of the

logygn problem of ion-charge distribution in calculations of the
stopping power of large, heavy-ion clusters.

FIG. 2. Ratio of average charge per ion to atomic number,
(Q)/Z, versus the cluster size in Na&lusters moving at speeds

=2,3,4, and 5 a.u.th h an Al foil. .
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