
s

PHYSICAL REVIEW A, VOLUME 63, 022901
Stopping power of fast, partially stripped molecules and clusters: Vicinage effects in charge state
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We present a consistent variational approach to the vicinage effect on ion charges in a cluster made of
partially stripped ions, based on the Brandt–Kitagawa theory for isolated ions, supplemented by dynamically
screened interionic interactions. Interferences in cluster stopping power are shown to be strongly influenced by
the ion-charge dependence on internuclear separations, and may give rise to energy loss enhancement or
deenhancement, when compared to the case when the ion charges are frozen at the value corresponding to
isolated ions at the same speed. In addition, the ion charge reduction is shown to be responsible for softening
the interionic interactions responsible for Coulomb explosion. Calculations of the vicinage effect on ion
charges are performed for a fast N2 molecule moving through a carbon target, and the roles of Coulomb
explosion and multiple scattering in energy loss are discussed.
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I. INTRODUCTION

Following recent advances in accelerator techniques
production of energetic beams of atomic clusters, at spe
in excess of the Bohr velocityvB , much interest has bee
raised over the past few years in energy loss of fast co
lated ions in matter@1–6#. It is expected that a massive e
ergy deposition introduced by a large cluster in a small v
ume of the target may give rise to qualitatively new effects
such applications as materials modification@7# and inertial
confinement fusion@8#. On the theoretical side, soon after th
first description of energy losses of fast di- and tri-prot
clusters in solids@9#, a theoretical model for stopping powe
of large clusters has been developed by Arista@10# using a
linear-response formalism@11#, in conjunction with statisti-
cal models of cluster structure@12#. The current status o
research in cluster stopping in solids is critically examined
recent reviews@13–15#, where open questions and futu
trends are outlined.

A simplified scenario of cluster penetration through so
targets can be summarized as follows. After entering a s
target, an atomic cluster at the speedv.vB will lose its
binding valence electrons after traversing a few atomic l
ers, and the charge state of the emerging ions will be eq
brated within about 1 fs due to intense electron capture
loss processes in the target@16#. After this short initial
break-up of the cluster, the constituent ions still retain
initial cluster structure, and their further penetration is a
companied by electronic excitations of the target, which
hibit strong interference due to close spatial correlat
among the ions. This so-called vicinage effect@10# gives rise

*Also with the Guelph-Waterloo Physics Institute^GuW&.
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to enhanced energy loss per cluster ion, when compare
the energy loss of an individual ion moving at the sam
speed, as long as the interionic distances within the clu
are smaller than the characteristic length of the electro
excitation,v/v0 , v0 being a resonance frequency of targ
electrons. At prolonged penetration times, a spatial disp
sion of the cluster occurs due to Coulomb explosion@9,17#,
driven by the dynamically screened interionic interactio
which proceeds in an adiabatic manner in the cluster fra
of reference, on a time scale of some 10 fs. Another mec
nism of cluster dispersion, which competes with Coulom
explosion@13,18#, is provided by multiple elastic scatterin
of cluster constituent ions on target atoms@19,20#. In either
case, the vicinage effect on cluster stopping power w
gradually diminish with increasing penetration time throu
the target, as a result of increasing interionic distances.

While the above scenario has been experimentally c
firmed for small@9# and large@1,2# hydrogen clusters, where
significant energy loss enhancements were demonstrate
thin foils and at high cluster speeds, the situation is qu
different with clusters made of heavier atoms, such asn
@3–5# and Bn @5,6#. In such cases, experimental data gen
ally exhibit @3–6# a very weak vicinage effect on cluste
stopping power, with quite contradicting tendencies
slightly enhanced or slightly deenhanced energy loss per
in different measurements for the same type of clusters
the same target. Measurements using heavy-atom molec
N2 @21# and O2 @5# also show some deenhancement of e
ergy losses per ion. One of the major reasons for this s
pression, or even reversal, of the energy loss enhanceme
heavy-atom clusters has been attributed in recent revi
@14,15# to the fact that the constituent ions are only partia
stripped of their electrons, and that their charge state is
fluenced by the vicinity of other ions in the cluster. Expe
©2001 The American Physical Society01-1
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mental measurements on fast N2 molecules@22# and Cn clus-
ters @23# have shown that the average charge of clus
constituent ions, after traversing a thin carbon foil, emer
significantly reduced compared to the charge of a single
at the same speed. The mechanism responsible for
charge reduction is taken to be the vicinage effect, where
neighboring ions create a perturbation of the potential, wh
results in a stronger binding of the remaining electrons
each ion within the cluster. Such a vicinage effect has b
confirmed by measurements with different foil thickness
@22,23#, showing that the charge-state reduction diminish
with increasing penetration time on a time-scale characte
tic of Coulomb explosion and/or multiple scattering.

Vicinage effect on charge state of partially stripped io
in clusters of arbitrary size has been recently described b
theoretical model@24# which combines self-energy calcula
tions for atomic clusters in solids@25,26# with the variational
theory of Brandt and Kitagawa~BK! @27# for electron struc-
ture of isolated partially stripped ions in solids. Our mod
@24# has successfully described experimental data@23# for
the dependence of average ion charge on the numbern of
constituent particles in carbon clusters Cn (3<n<10), as
well as the dependence of this charge on the target thickn
based on cluster dispersion due to multiple scattering. T
further applications of this model@24# are elaborated in the
present report, dealing with the roles of the vicinage eff
on ion charges in cluster stopping power and in Coulo
explosion, the issues which are considered in recent revi
@13–15# to be of utmost importance for cluster penetrati
through solids. In this first approach to these problems,
present some general theoretical results, while the calc
tions are performed for diatomic molecules, such as N2. We
note, however, that the role of the vicinage effect on
charges will be more pronounced in larger clusters, as
denced in Refs.@23,24#. In Sec. II, we summarize the sel
consistent variational procedure of Ref.@24# for obtaining
the ion charges in a heavy-atom cluster. In Sec. III, a rec
model of Arista’s@15# for energy loss of clusters with par
tially stripped ions is combined with the variational io
charges to describe the dependence of stopping power
fast N2 molecule on the internuclear distance and on
molecule speed. Modifications of the interionic potenti
due to the vicinage effect on ion charges, and their influe
on Coulomb explosion of N2, are discussed in Sec. IV. Con
cluding remarks are given in Sec. V. Atomic units~a.u.! are
used throughout, unless otherwise indicated.

II. GENERALIZATION OF BRANDT –KITAGAWA
THEORY TO CLUSTERS

In the BK theory@27#, which provides one of the mos
efficient methods for dealing with the energy loss of partia
stripped ions in solids@28,29#, the distribution ofN elec-
trons, bound at an isolated ion with the nuclear chargeZ,
is modeled by the radially symmetric functio
N(4pL2D)21exp(2D/L). Here, D is the electron-nucleus
distance, while the ion size is defined by the parameterL,
with the value L5(2a/Z1/3)(N/Z)2/3/„12(1/7)(N/Z)…,
02290
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wherea50.24. Electronic energy of an isolated ion is o
tained in the form

E0~N!52
Z7/3

4a S N

Z D 1/3S 12
1

7

N

Z D 2

, ~1!

which agrees reasonably well with the result of the Thoma
Fermi model @29#. Dynamical equilibrium value of the
chargeQ5Z2N on the ion, which moves through the sol
at a speedv, is then obtained in the BK theory by minimiz
ing the electron energy in the laboratory system,Nv2/2
1E0(N) ~so-called energy stripping criterion@29#!.

Next consider ann-component heteronuclear cluster, e
tering a solid target with velocityv. The change in individual
ion velocities due to energy loss, Coulomb explosion,
multiple scattering will be negligible compared tov, so that
one may assume that all the ions move with constant velo
v in the course of penetration through the target. LetZj and
Nj be the nuclear charge and the number of bound elect
at thej th ion (1< j <n), which is placed at the positionr j in
the cluster center of mass frame of reference. Dynamic
screened interionic interaction energy of the cluster, or
vicinage energy, can be written as@24,26#

Ev5
1

2 (
j 51

n

(
j Þ l 51

n E d3k

~2p!3

4p

k2

r l* ~k!r j~k!

e~k,k•v!
eik•(r l2r j ),

~2!

wheree(k,v) is the dielectric function of the medium@11#,
andr j (k) is the space Fourier transform of the total~nuclear
plus electronic! charge distribution localized at thej th ion.
Using the BK model for bound electrons, one obtains@27#

r j~k![r j~k!5Zj

qj1k2L j
2

11k2L j
2

, ~3!

with qj512Nj /Zj being the ionization degree of thej th
ion. We further use the fact that the typical ion sizesL j are
much smaller than the interionic distancesur l2r j u to obtain a
point-charge approximation for the vicinage energy by ta
ing r j (k).r j (k50)5Zj2Nj in Eq. ~2!. Thus, the total
cluster energy in the laboratory frame of reference cons
of the kinetic energy of all bound electrons due to clus
motion at speedv, the internal energy of isolated ions, an
the vicinage energy,

EL5(
j 51

n

Nj

v2

2
1(

j 51

n

E0~Nj !

1 (
j 51

n21

(
l . j

n

~Zj2Nj !~Zl2Nl !U~r j l !, ~4!

where

U~r j l !5E d3k

~2p!3

4p

k2
cos~k•r j l !ReF 1

e~k,k•v!G ~5!
1-2
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STOPPING POWER OF FAST, PARTIALLY STRIPPED . . . PHYSICAL REVIEW A63 022901
is the dynamically screened interaction potential betw
two unit point charges at the relative positionr j l 5r l2r j .

Following the variational approach of the BK theory@27#,
we apply the energy stripping criterion@29#, where we seek
the minimum of the total energyEL relative to the electron
populationsNj on all the ions. This minimum is obtained b
solving n coupled equations]EL /]Nj50, viz.,

v2

2
1E08~Nj !2 (

j Þ l 51

n

~Zl2Nl !U~r j l !50, for 1< j <n,

~6!

with E08(N) being the derivative of the function in Eq.~1!.
Systematic solution of these equations provides, in princi
all the equilibrium ion charges throughout the cluster trav
ing at the velocityv, while taking full account of the spatia
distribution of ions and any anisotropy of the dynamica
screened interactions. It is clear that each ion charge,
tained in this way, is a function of the coordinates of all ion
so that the vicinage term~double summation! in Eq. ~4! is no
longer a pairwise superposition of interionic interaction p
tentials. In the same time, the vicinage term of Eq.~4! deter-
mines the interactions responsible for the~adiabatic! dynam-
ics of Coulomb explosion of the cluster in its own frame
reference, thus making self-consistent solutions of equat
of motion for all ions a serious challenge.

Even in a static case, solving Eqs.~6! for ion charges may
be quite tedious in a general case of a large heteronuc
cluster with a given frozen structure relative to the direct
of motionv. We have used in@24# a simplifying assumption
that all ion chargesNj are equal to an average valueN in a
randomly oriented homonuclear cluster,Zj5Z, and em-
ployed a two-particle distribution function@12,20,26# to de-
scribe the structure of such a cluster. However, such sim
fying assumptions are not required to solve the system
Eqs.~6! for the case of a homonuclear di-cluster (n52) with
the nuclear chargesZ15Z25Z, where the minimum of the
energy EL is obtained by a symmetric solution,N15N2
5N. Here, the electron populationN on each ion in the di-
cluster is obtained by solving the equation

v2

2
1E08~N!2~Z2N! U~r !50, ~7!

so that the equilibrium value ofN becomes an implicit func-
tion, N5N(r ), of the inter-nuclear relative positionr[r12.
A second-derivative test shows that such a symmetric s
tion provides a global minimum ofEL for a di-cluster, as
long as the internuclear distancer exceeds several ion size
L, in accord with the above mentioned point-charge appro
mation forEL . We note that the result of standard BK theo
@27,29# for the equilibrium electron populationN0 of a single
isolated ion at speedv can be obtained from Eq.~7! by
letting U(r )→0, that is,r→`.

An important problem in calculations of the vicinage e
fect on ion charge states is the modeling of electronic
sponse of the medium by an appropriate dielectric funct
e(k,v) in Eqs.~3! and~5!. We note at once that this problem
is intimately connected to the modeling of Coulomb exp
02290
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sion, because the interaction potential~5! plays central roles
in both problems. We shall focus here only on models
scribing the collective response of a quasi-free electron
in the solid, but a few words will be mentioned in Sec. I
regarding a possible role of the core electrons@30,31# in the
interionic potential@32,33#. In traditional frozen-charge ap
proaches to Coulomb explosion of both small@5,34–36# and
large @1,37# clusters, the most popular approach employs
empirical Yukawa-type interaction potential. In the prese
context, we obtain the interaction potential~5! in a Yukawa-
like form UY(r )5r 21exp(2ksr), by using Re@1/e(k,v)#
.k2/(k21ks

2), whereks
21 is a velocity-dependent screenin

length@38#, with the high-velocity limitks
21.v/vp , vp be-

ing the electron plasma frequency of the target. A more
alistic approach to Coulomb explosion uses a dynamic
screened interaction potential, exhibiting an oscillatory wa
pattern, which is responsible for a tendency of diatomic m
ecules to align in the direction of motion@17,39,40#, and
gives rise to asymmetric Coulomb explosion patterns in la
clusters@41#. In the present study of the vicinage effect o
ion charges in a di-atomic molecule, we reduce the param
space of the theory by ignoring the orientation effects, a
only consider the wake effects on arandomly orientedmol-
ecule, whence the factor cos(k•r ) in Eq. ~5! is to be replaced
by (kr)21sin(kr). By using the frequency-dependent diele
tric function in Eq.~5!, e(k,v)512vp

2/v(v1 ig) with g
→01, we then obtain an analytical result@26#, exhibiting a
wake pattern in the interaction potential, as follows

Uw~r !5
1

r
cosS r

vp

v D1
vp

v
siS r

vp

v D , ~8!

where si is the sine integral. We note that, when radia
symmetric model potentialsUY(r ) and Uw(r ) are used in
Eq. ~7!, the solutions for the electron populations in a hom
nuclear di-cluster will be also radially symmetric function
N5NY(r ) andN5Nw(r ).

As a quantitative example, we consider a randomly o
ented N2 molecule (Z57) with an equilibrium internuclear
distance r 052.12, moving in a carbon target withvp
525 eV. We obtain the ionization degreesq512N/Z from
Eq. ~7! with the Yukawa- and the wake-type model pote
tials and plot in Fig. 1 the ratiosq/q0 (q0 being the ioniza-
tion degree of an isolated N ion at the same speed! against
the internuclear distancer, for two speeds:v51.7 andv
52.3. It is seen that the positive~repulsive! interactions in
the model potentialsUY(r ) andUw(r ) generally reduce the
ion charges of the constituent ions in the molecule, wh
compared to the charge of an isolated ion, while the attr
tive ~negative! parts of the wake-type interactionUw(r ) en-
hance those charges. It is also obvious that the wake-
interaction makes the vicinage effect on ion charges m
more sensitive to the speed than the Yukawa-type inte
tion. Similar conclusions can be drawn from Fig. 2, whe
we plot the ratiosq/q0 versus the speedv for two internu-
clear distances,r 5r 052.12 andr 52r 054.24.
1-3
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III. STOPPING POWER OF PARTIALLY STRIPPED
MOLECULE

In the most recent development of a theoretical model
cluster energy loss, Arista@15# provides the expression fo
the stopping power of ann-component cluster made of pa
tially stripped ions, viz.,

Scl5
i

vE d3k

~2p!3

4p

k2

k•v

e~k,k•v! F (j 51

n

ur j~k!u2

1(
j 51

n

(
j Þ l 51

n

r l* ~k!r j~k!eik•(r l2r j )G . ~9!

FIG. 1. Ratio of the vicinage ion chargeq to the isolated-ion
chargeq0 versus the internuclear distancer ~in a.u.! of N2 in car-
bon, for two speeds,v51.7 andv52.3 ~in a.u.!, with the Yukawa-
~thick line! and the wake-~thin line! type interactions.

FIG. 2. Ratio of the vicinage ion chargeq to the isolated-ion
chargeq0 versus speedv ~in a.u.! of N2 in carbon, for two internu-
clear distances,r 52.12 andr 54.24 ~in a.u.!, with the Yukawa-
~thick line! and the wake-~thin line! type interactions.
02290
r

Here, the space Fourier transform of the total charge dis
bution r j (k) at the j th ion in the cluster is given by Eq.~3!,
where the ionization degreeqj and the ion sizeL j are deter-
mined by a solution of the equations~6! for the electron
populationsNj which, in turn, depend on the coordinates
all ions. Thus, the vicinage effect on ion charges is incor
rated, in a complicated way, in both the incoherent p
~single summation! and the coherent, or vicinage, pa
~double summation! of the stopping-power expression~9!.
This complex picture simplifies somewhat for a homonucl
di-cluster (n52,Z15Z25Z), in which caseN15N25N(r ),
and consequentlyr1(k)5r2(k)5r(k;r ), where we indicate
an implicit dependence of the ionic charge distributions
the relative internuclear positionr . Thus, the stopping powe
formula for a di-cluster reduces to

Scl5
1

p2v
E d3k

k•v

k2
r2~k;r !@11cos~k•r !#ImF 21

e~k,k•v!G .
~10!

We note that, lettingr→` amounts to cos(k•r )→0 in Eq.
~10!, and one thus obtains the incoherent stopping powe
two isolated ions

S05
4

pv2E0

`dk

k
r0

2~k!E
0

kv
dv v ImF 21

e~k,v!G , ~11!

which is exactly twice the result of the standard BK theo
@27#, with the charge distributionr0(k) given by Eq. ~3!
where the electron populationN0 of an isolated ion is to be
used. For a randomly oriented molecule with a finite int
nuclear distancer, we have a radially symmetricN5N(r )
and consequentlyr5r(k;r ), as discussed in the previou
section, while the factor cos(k•r ) in the stopping power for-
mula Eq.~10! is to be again replaced by (kr)21sin(kr), giv-
ing

Scl5
4

pv2E0

`dk

k
r2~k;r !F11

sin~kr !

kr G E
0

kv
dv v ImF 21

e~k,v!G .
~12!

Vicinage effect on cluster energy loss is best expresse
terms of the stopping-power ratioR5Scl /S0, which com-
pares the total~incoherent plus coherent! stopping power of
the n-component cluster to the stopping power ofn isolated
ions. Note carefully that, for a randomly oriented di-clust
Scl contains the ion charges which depend on the inter
clear separationr and thus are already modified by a vicina
effect, while the ion charges used inS0 correspond to iso-
lated ions at the same speed.

Calculations of stopping powers~11! and ~12! for a ran-
domly oriented N2 molecule in a carbon target are perform
with a plasmon-pole approximation@11# for the dielectric
function, while the ionization degrees of Sec. II are used
evaluate the charge densitiesr(k;r ) andr0(k). In Fig. 3, we
plot the stopping-power ratiosR, obtained from the Yukawa-
type ~thick solid lines! and the wake-type~thin solid lines!
interactions for ion charges, versus the internuclear dista
1-4
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STOPPING POWER OF FAST, PARTIALLY STRIPPED . . . PHYSICAL REVIEW A63 022901
r for two speeds,~a! v51.7 and~b! v52.3. In addition, we
have also calculated the stopping-power ratioR when the ion
charges are frozen and equal to the charge of an isolated
that is, whenScl in Eq. ~12! is evaluated withr0(k) rather
than r(k;r ). These results are displayed in Fig. 3 by t
dashed lines, showing only the vicinage effect on stopp
power, with the usual energy loss enhancement (R.1) for
small internuclear distances, which diminishes as the i
separate (R→1 as r increases!. It is obvious that the com-
bined vicinage effects on both the ion charges and the s
ping power, as displayed by the solid lines in Fig. 3, m
alter the stopping power in a profound manner when co
pared to the frozen-charge case. Depending on the m
interaction used to obtain the vicinage effect on ion charg
we may have additional energy loss enhancement~related to
the attractive parts in the wake-type potential!, or energy loss
deenhancement (R,1) when the interactions are positive.
Fig. 4, we show the velocity dependence of the stopp
power ratios for two internuclear separations,r 52.12 and
r 54.24, when the ion charges are frozen~dashed lines!, or

FIG. 3. Stopping-power ratioR5Scl /S0 of N2 in carbon versus
the internuclear distancer ~in a.u.!, for two speeds:~a! v51.7 and
~b! v52.3 ~in a.u.!. Ion charges are evaluated with the Yukaw
~thick line! and the wake-~thin line! type interactions, or taken to b
frozen ~dashed lines! at the valueq0 for an isolated ion.
02290
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evaluated with the wake-type~thin solid lines! and the
Yukawa-type ~thick solid lines! interactions. At moderate
speedsv, the three types of ion-charge treatments sh
marked differences but, asv increases, they all converge t
steadily increasing energy-loss enhancements which
more pronounced at shorter internuclear distances.

IV. ROLE OF VARIABLE ION CHARGES IN COULOMB
EXPLOSION AND MULTIPLE SCATTERING

The ion charges, obtained from the variational proced
of Sec. II, in general depend on the geometric structure of
cluster, and therefore will modify the interionic interaction
responsible for the dynamics of Coulomb explosion. In p
ticular, for a homonuclear di-cluster, we have obtained fr
Eqs. ~5! and ~7! the equilibrium charges on the constitue
ions, Q15Q25Q(r )[Z2N(r ), which vary with the inter-
nuclear distancer in an adiabatic manner. Now, the actu
Coulomb explosion is driven by the effective interaction p
tential between the two partially stripped ions in a di-clust
given byV(r )5Q2(r )U(r ), whereU(r ), Eq. ~5!, is the dy-
namically screened interaction between a pair of unit po
charges. For a randomly oriented N2 in carbon, we use the
ion charges obtained from the Yukawa- and the wake-t
interaction potentials~see Fig. 1!, and calculate the corre
sponding radially symmetric effective potentialsV(r ). The
results are displayed in Fig. 5 by thick solid lines for the tw
speeds~a! v51.7 and~b! v52.3, and are compared to th
effective interaction potentialsV(r )5Q0

2U(r ) ~shown by
thin solid lines!, with the ion charges frozen at the valueQ0,
corresponding to an isolated ion at the same speed. It is
that the vicinage effect on ion charges makes all the rep
sive interactions in the effective potentials softer than in
case of ions with frozen charges. As predicted in Ref.@13#,
this softening of the interaction potential will make Coulom
explosion slower than what would be expected if the char

FIG. 4. Stopping-power ratioR5Scl /S0 of N2 in carbon versus
speedv ~in a.u.!, for two internuclear distances:r 52.12 andr
54.24 ~in a.u.!. Ion charges are evaluated with the Yukawa-~thick
solid line! and the wake-~thin solid line! type interactions, or taken
to be frozen~dashed lines! at the valueq0 for an isolated ion.
1-5
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were frozen at the value of isolated ions. On the other ha
the attractive wells in the wake-type potential are deepe
by the vicinage effect on ion charges, thus further streng
ening possible wake-assisted bound states of the two
stituent ions@42#. In either case, it seems that the vicina
effect on ion charges renders Coulomb explosion a less
fective mechanism of the cluster spatial dispersion, while
multiple scattering should not be affected by the variable
charges.

While these conclusions add to a debate on relative r
of Coulomb explosion and multiple scattering@13,18#, we
wish to comment here on modeling the interaction potent
Eq. ~5!, based on a model for the electronic response of
target. In particular, the role of core electrons in the inte
onic interactions within a cluster seems to be unclear
present. Apart from several studies of cluster energy los
which include the contributions of core electrons@30,31,36#,
there seem to exist only two very recent studies of mod
cations of the induced potential by a fast ion due to c
electrons@32,33#. It has been shown that@33#, in a more

FIG. 5. Effective interaction potentialsV ~in a.u.! for a randomly
oriented N2 in carbon versus the internuclear distancer ~in a.u.!, for
two speeds:~a! v51.7 and ~b! v52.3 ~in a.u.!, based on the
Yukawa- and the wake-type interactions. Thin solid lines are
tained with the frozen ion chargesq0, while the thick solid lines
show the modification of the potentials due to vicinage effect on
charges.
02290
d,
d
-
n-

f-
e
n

s

l,
e
-
t
s,

-
e

realistic description of the target dielectric function, the o
cillatory wake pattern in the induced potential may
damped compared to the induced potential when only
free-electron gas response is considered. Such a conclu
may be rationalized based on the fact that the screen
lengths due to the core electrons,v/v0, are much shorter
than the length of a free-electron gas response,v/vp , owing
to much higher resonance excitation frequenciesv0 of core
electrons than the plasma frequencyvp @14#. It may then be
expected that the wake-type model potential, used in the
vious two sections, overemphasizes the oscillations in
wake pattern, and that the Yukawa-type potential serve
better role in modeling the vicinage effect on ion charges
a cluster. While no definite judgment can be made at t
point from the theoretical side, it is suggested by the res
presented in Sec. II~Figs. 1 and 2! that an experimenta
affirmation of strong wake effects on ion charges in a clus
would require observations of both reducedand increased
ion charges, as compared to the isolated ions at the s
speed. As mentioned before, so far only charge reduction
been observed experimentally@22,23#, providing an empiri-
cal affirmation of the Yukawa-type interaction. Led by th
discussion, we have solved the equation of motion for C
lomb explosion of a N2 molecule in carbon, using the effec
tive interaction potentialV(r ) of the Yukawa type. The re-
sults for internuclear distancer versus timet are shown in
Fig. 6 for two speeds,v51.7 andv52.3, where the thick
solid lines depict the effect of variable ion charges on Co
lomb explosion, as compared to the case of frozen
charges, shown by the thin solid lines. These curves cle
demonstrate a quantitative effect of slowing down of Co
lomb explosion due to the vicinage effect on ion charges

It is also interesting to compare the temporal evolutions
the internuclear separationr due to Coulomb explosion an

-

n

FIG. 6. Dependence of the internuclear separationr ~in a.u.! on
time t ~in fs! in Coulomb explosion governed by Yukawa-type i
teraction for N2 in carbon for two speeds,v51.7 andv52.3 ~in
a.u.!. Thin solid lines are obtained with the frozen ion chargesq0,
while the thick solid lines show the modification of the Coulom
explosion due to vicinage effect on ion charges. Effective inter
clear separation due to multiple scattering, (^r 21& t)

21, is shown by
the dashed line.
1-6
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due to multiple scattering of a di-cluster, in order to gain
idea about the relative strengths of the two mechanism
cluster dispersion. The stochastic nature of multiple scat
ing is best described by a distribution functionF(r ;t) of
internuclear separationsr after the penetration timet, for a
di-cluster which was initially oriented in random direction
with an equilibrium internuclear distancer 0. Multiple elastic
scattering of each constituent ion in the di-cluster by
target atoms can be represented by a random sequen
small-angle deflections in the laboratory frame, with neg
gible change of the ion velocityv. As a result, in the cluste
center-of-mass frame, each ion undergoes two-dimensi
displacementsR in a plane perpendicular tov, which are
distributed according to a functionH(R;t) after the penetra-
tion time t. Assuming that the random deflections of the clu
ter constituent ions are statistically independent from e
other, one can obtain a three-dimensional Fourier transf
of the distribution function F(r ;t) as follows: F(k;t)
5uH(K ;t)u2(kr0)21sin(kr0), where H(K ;t) is a two-
dimensional Fourier transform of the multiple scattering d
tribution function for a single ionH(R;t), with K being the
component of the wave vectork perpendicular tov, such that
k5(K ,ki) andk•v5kiv @20#. With the normalizationH(K
50;t)51 of the multiple scattering distribution, we ensu
that the distribution of inter-nuclear separations is norm
ized as well,F(k50;t)51, for all t>0. The analytical ex-
pression forH(K ;t)5H(K;t), after traversing the distanc
vt through the target, is obtained by using the small-an
approximation for a central-potential elastic scattering of
projectile ion on target atoms@19,20#. On using an inverse
square scattering potential, one further obtains a simple,
reliable, resultH(K;t)5exp(2c K t2), which does not de-
pend on the cluster speedv and wherec is a constant deter
mined by the atomic parameters of both the target and
projectile particles@19,20#. Unfortunately, the first momen
of the internuclear separation,^r & t , taken with the distribu-
tion F(r ;t), does not exist in such a simple model of mu
tiple scattering. However, it makes sense to evaluate the
poral evolution of the average of the inverse separat
^r 21& t , due to multiple scattering, when comparison is ma
with the change ofr with time in a Coulomb explosion
Namely, (̂ r 21& t)

21 is such a separation that would give th
same~bare! Coulomb interaction among unit charges as
true average of that interaction, taken with the distribut
F(r ;t). The time dependence of (^r 21& t)

21 is shown in Fig.
6 by a dashed line for a randomly oriented N2 molecule, as a
measure of the increase in internuclear separation du
multiple scattering in a carbon foil. Clearly, the effect
multiple scattering is comparable to the effect
~dynamically-screened! Coulomb explosion in initial stage
of penetration through the target, but the multiple scatter
takes over for prolonged penetration times@13#.

Finally, let us discuss the relative roles in energy losse
N2 in carbon target, played by Coulomb explosion, driven
the Yukawa-type interaction, and the multiple scattering.
perform calculations separately for these two mechanism
cluster spatial dispersion, keeping the ion charges modi
by the vicinage effect due to increasing internuclear d
tances in each case. This is achieved for Coulomb explo
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simply by recalculating the stopping power~12! versus the
penetration time,Scl5Scl(t), by using the relationsr 5r (t),
shown in Fig. 6 by thick solid lines. For the multiple scatte
ing case, however, we have to modify the interaction pot
tial Eq. ~5! for a di-cluster, as follows:

U~ t !5E d3k

~2p!3

4p

k2
cos~k•r 0!uH~K ;t !u2ReF 1

e~k,k•v!G ,
~13!

wherer0 is the initial internuclear separation. On using E
~13! in Eq. ~7!, we obtain the electron populations and t
charge distributions in terms of the penetration time,N
5N(t) andr5r(k;t). Next, in the case of multiple scatte
ing, the expression~10! has to be modified as well, giving
time-dependent stopping power

Scl~ t !5
1

p2v
E d3k

k•v

k2
r2~k;t !@11cos~k•r0!uH~K ;t !u2#

3ImF 21

e~k,k•v!G . ~14!

Using the analytical result for the multiple scattering dist
bution H(K ;t)5H(K;t), obtained from an inverse-squar
scattering potential, along with the assumption of an N2 mol-
ecule which is initially oriented in random directions@20#,
we evaluate both the ion charges and the stopping powe
terms of penetration timet through a carbon target.

Finally, to make contact with the energy-loss measu
ments, we evaluate

^Scl~T!&5
1

TE0

T

dt Scl~ t !, ~15!

where T is the actual penetration time through a target
thicknessvT, and present the results for the averaged st
ping power ratioŝR(T)&5^Scl(T)&/S0 in Fig. 7, for N2 in a
carbon target with two speeds:~a! v51.7 and~b! v52.3.
The thick solid lines in Fig. 7 represent the data for Coulom
explosion~CE! and multiple scattering~MS!, including vari-
able ion charges due to increasing interionic distances, w
the thin solid lines show the cases when the ion charges
taken frozen at the value corresponding to isolated ions at
same speeds. In addition, we also show in Fig. 7 the po
presenting the experimental data from Ref.@21#, which were
among the first demonstrations of the energy loss deenha
ment in molecular stopping power. It is seen that both C
lomb explosion and multiple scattering exhibit energy lo
deenhancement, compatible with the experimental d
when the ion charges are reduced due to vicinage effect
termined by the Yukawa-type interaction. When the vicina
effect on ion charges is ignored by using frozen charges
isolated ions, a constructive interference in the stopp
power due to the vicinage effect takes over and gives ris
the familiar energy loss enhancement.
1-7
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V. CONCLUDING REMARKS

We have presented a consistent variational approac
the vicinage effect on ion charges in a heteronucl
n-component cluster of partially stripped ions, which mo
at the velocityv through a solid target. The model is bas
on the BK theory@27# for isolated ions, supplemented b
dynamically screened interionic interactions in the clus
frame of reference. A systematic solution of a system
algebraic equations provides the ion charges which dep
on the instantaneous structure of the cluster constituent i
An important conclusion follows that the dynamics of Co
lomb explosion, in general, is no longer governed by pa
wise interionic interactions. For a homonuclear di-clust
the ion charges have been evaluated by means of a Yuk

FIG. 7. Averaged stopping-power ratio^R&5^Scl&/S0 of N2 in
carbon versus the penetration timeT ~in fs! for two speeds:~a! v
51.7 and~b! v52.3 ~in a.u.!. Thin solid lines are obtained with th
frozen ion chargesq0, while the thick solid lines show the role o
the vicinage effect on ion charges obtained from Yukawa-type
teraction. Cluster dispersions due to Coulomb explosion~CE! and
multiple scattering~MS! are treated separately. Experimental poin
are taken from Ref.@21#.
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like interaction, which gives rise to a charge reduction co
pared to the charge of isolated ions at the same speed, w
a dynamically screened interaction, exhibiting a wake p
tern, gives rise to reduced or increased ion charges, in
regions where the interaction potential takes positive
negative values. Based on these results, the ion charge
tributions were evaluated from the BK model and used
calculate the cluster stopping power, employing the rec
model of Arista@15#. It has been demonstrated that the vic
nage effect on ion charges is strong enough to significa
alter the vicinage effect on cluster stopping power, givi
rise to additional energy loss enhancement or overall ene
loss deenhancement, depending on the model interac
used and the ranges of cluster speeds and internuclear
tances. In addition, the vicinage effect on ion charges
been shown to soften the effective interionic potentials,
sulting in a slower Coulomb explosion than expected fo
pair of ions with the charges frozen at the value correspo
ing to isolated ions. Finally, we have demonstrated that
energy loss of N2 in a carbon foil exhibits a deenhancemen
compared to the energy loss of two isolated N ions at
same speed, when either Coulomb explosion or a mult
scattering mechanism of cluster dispersion is conside
along with the ion charges determined by the Yukawa-ty
interaction.

Our intention was to demonstrate a variety of possi
effects, rather than giving definite answers, regarding
stopping power and Coulomb explosion, when the vicina
effect on ion charges is treated in a consistent manner
number of improvements of the present theory are poss
and required. First, the variational approach to the deter
nation of equilibrium charges on the ions within a cluster c
be improved by incorporating the properties of the tar
@28#. Next, the problem of modeling the dynamical
screened interactions, responsible for the vicinage effec
ion charges and Coulomb explosion, needs to be clarifi
especially in view of a possible role of core-electron exci
tions of the target@32,33#. Also, the dynamics of Coulomb
explosion needs to be carefully reexamined, in view
complexity of interionic interactions, when the ion charg
depend on internuclear positions. At this stage, however,
may suggest a reaffirmation of the role of multiple scatteri
based on a softening of the repulsive interionic interactio
due to the ion-charge reduction and a consequent slow
down of Coulomb explosion. In addressing these issues,
would greatly benefit from a more abundant pool of syste
atic experimental data.
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