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Stopping power of fast, partially stripped molecules and clusters: Vicinage effects in charge states
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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 Molecule moving through a carbon target, and the roles of Coulomb
explosion and multiple scattering in energy loss are discussed.
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[. INTRODUCTION to enhanced energy loss per cluster ion, when compared to
the energy loss of an individual ion moving at the same
Following recent advances in accelerator techniques fospeed, as long as the interionic distances within the cluster
production of energetic beams of atomic clusters, at speedwe smaller than the characteristic length of the electronic
in excess of the Bohr velocityg, much interest has been excitation,v/wg, wy being a resonance frequency of target
raised over the past few years in energy loss of fast correelectrons. At prolonged penetration times, a spatial disper-
lated ions in mattef1-6]. It is expected that a massive en- sion of the cluster occurs due to Coulomb explodi®i7],
ergy deposition introduced by a large cluster in a small vol-driven by the dynamically screened interionic interactions,
ume of the target may give rise to qualitatively new effects inwhich proceeds in an adiabatic manner in the cluster frame
such applications as materials modificatiaf] and inertial  of reference, on a time scale of some 10 fs. Another mecha-
confinement fusiofi8]. On the theoretical side, soon after the nism of cluster dispersion, which competes with Coulomb
first description of energy losses of fast di- and tri-protonexplosion[13,18, is provided by multiple elastic scattering
clusters in solid$9], a theoretical model for stopping power of cluster constituent ions on target atofd9,20. In either
of large clusters has been developed by Ar[dfd] using a case, the vicinage effect on cluster stopping power will
linear-response formalisfrl1], in conjunction with statisti- gradually diminish with increasing penetration time through
cal models of cluster structufd2]. The current status of the target, as a result of increasing interionic distances.
research in cluster stopping in solids is critically examined in ~ While the above scenario has been experimentally con-
recent reviewg13-15, where open questions and future firmed for small[9] and largg 1,2] hydrogen clusters, where
trends are outlined. significant energy loss enhancements were demonstrated in
A simplified scenario of cluster penetration through solidthin foils and at high cluster speeds, the situation is quite
targets can be summarized as follows. After entering a solidiifferent with clusters made of heavier atoms, such gs C
target, an atomic cluster at the speettvg will lose its  [3-5] and B, [5,6]. In such cases, experimental data gener-
binding valence electrons after traversing a few atomic layally exhibit [3—6] a very weak vicinage effect on cluster
ers, and the charge state of the emerging ions will be equilistopping power, with quite contradicting tendencies of
brated within about 1 fs due to intense electron capture angdlightly enhanced or slightly deenhanced energy loss per ion
loss processes in the targgt6]. After this short initial in different measurements for the same type of clusters and
break-up of the cluster, the constituent ions still retain thethe same target. Measurements using heavy-atom molecules
initial cluster structure, and their further penetration is ac-N, [21] and G [5] also show some deenhancement of en-
companied by electronic excitations of the target, which exergy losses per ion. One of the major reasons for this sup-
hibit strong interference due to close spatial correlatiorpression, or even reversal, of the energy loss enhancement in
among the ions. This so-called vicinage effglf] gives rise  heavy-atom clusters has been attributed in recent reviews
[14,15 to the fact that the constituent ions are only partially
stripped of their electrons, and that their charge state is in-
* Also with the Guelph-Waterloo Physics Institu@|W). fluenced by the vicinity of other ions in the cluster. Experi-
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mental measurements on fast ioleculeg22] and G, clus-  Wherea=0.24. Electronic energy of an isolated ion is ob-
ters [23] have shown that the average charge of clustefained in the form
constituent ions, after traversing a thin carbon foil, emerges
significantly reduced compared to the charge of a single ion _
: . . Eo(N)=
at the same speed. The mechanism responsible for this
charge reduction is taken to be the vicinage effect, where the
neighboring ions create a perturbation of the potential, whictwhich agrees reasonably well with the result of the Thomas—
results in a stronger binding of the remaining electrons afermi model [29]. Dynamical equilibrium value of the
each ion within the cluster. Such a vicinage effect has beefhargeQ=2Z—N on the ion, which moves through the solid
confirmed by measurements with different foil thicknessedit a speed, is then obtained in the BK theory by minimiz-
[22,23, showing that the charge-state reduction diminishedng the electron energy in the laboratory systeNy?/2
with increasing penetration time on a time-scale characteris+ Eo(N) (so-called energy stripping criterig29]).
tic of Coulomb explosion and/or multiple scattering. Next consider am-component heteronuclear cluster, en-
Vicinage effect on charge state of partially stripped ionstering a solid target with velocity. The change in individual
in clusters of arbitrary size has been recently described by @n velocities due to energy loss, Coulomb explosion, or
theoretical mode[24] which combines self-energy calcula- multiple scattering will be negligible compared ¢ so that
tions for atomic clusters in solid€5,26 with the variational one may assume that all the ions move with constant velocity
theory of Brandt and KitagawéBK) [27] for electron struc- Vv in the course of penetration through the target. Zeand
ture of isolated partially stripped ions in solids. Our modelN; be the nuclear charge and the number of bound electrons
[24] has successfully described experimental d&@ for  atthejth ion (1<j=n), which is placed at the positian in
the dependence of average ion charge on the numbmr the cluster center of mass frame of reference. Dynamically
constituent particles in carbon clusterg 3<n=<10), as screened interionic interaction energy of the cluster, or the
well as the dependence of this charge on the target thicknesggcinage energy, can be written 24,26
based on cluster dispersion due to multiple scattering. Two
further applications of this mod¢R4] are elaborated in the 1" d3k 4 py (K)pj(k)
present report, dealing with the roles of the vicinage effect E, f -y - e
on ion char i i [ (2m)® k2 e(kk-v)
ges in cluster stopping power and in Coulomb
explosion, the issues which are considered in recent reviews @
[13-15 to be of utmost importance for cluster penetration
through solids. In this first approach to these problems, w
present some general theoretical results, while the calcul
tions are performed for diatomic molecules, such as\Me
note, however, that the role of the vicinage effect on ion
charges will be more pronounced in larger clusters, as evi-
denced in Refs[23,24. In Sec. Il, we summarize the self-
consistent variational procedure of R§24] for obtaining
the ion charges in a heavy-atom cluster. In Sec. lll, a recent
model of Arista’s[15] for energy loss of clusters with par-

tially stripped ions is combined with the vqriational 0N ;51 We further use the fact that the typical ion sizgsare
charges to describe the dependence of stopping power for g, smajler than the interionic distan¢es-r;| to obtain a

fast N molecule on t_h_e iqternuclear qistar)ce_ and on .thepoint-charge approximation for the vicinage energy by tak-
molecule speed. Modifications of the interionic potentlalsing pi(K)=p:(k=0)=Z,—N; in Eq. (2). Thus, the total

L . M j j i—N; . (2). ;
dueCto tlhe \tl)lcmalge_effecft on |ondphargesa r_;md their Inﬂuenc%Iuster energy in the laboratory frame of reference consists
on Coulomb explosion of j are discussed in Sec. IV. Con- ¢ e Kinetic energy of all bound electrons due to cluster

cludént% rem:ra]rks are Iglven 'r? Sec. V. Qtomlg unigsu) are  otion at speed, the internal energy of isolated ions, and
used throughout, unless otherwise indicated. the vicinage energy,
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heree(k,w) is the dielectric function of the mediufd 1],
andp; (k) is the space Fourier transform of the tofaiiclear
plus electronit charge distribution localized at theh ion.
Using the BK model for bound electrons, one obtding]
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pi(k)=pj(k)=2;

with g;=1—N;/Z; being the ionization degree of th¢h
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Il. GENERALIZATION OF BRANDT —KITAGAWA E .=, N; 5+ > Eo(N))
THEORY TO CLUSTERS =2 =
n—-1 n

In the BK theory[27], which provides one of the most
efficient methods for dealing with the energy loss of partially + j§=:1 |§>:, (Zj=Np(Z=N)U(ry), 4)
stripped ions in solid$28,29, the distribution ofN elec-
trons, bound at an isolated ion with the nuclear chafge
is modeled by the radially symmetric function
N(47A?D) ‘exp(—DIA). Here, D is the electron-nucleus Pk
distance, while the ion size is defined by the paramater U(ry)= f —ﬂcosk-r-,)Re{;
with the value A=(2a/Zz"3(N/z)?3(1—(1/7)(N/Z)), ‘ (2m)3 K2 ! e(k,k-v)

here

®)
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is the dynamically screened interaction potential betweersion, because the interaction potentll plays central roles
two unit point charges at the relative positiopp=r;—r;. in both problems. We shall focus here only on models de-
Following the variational approach of the BK thed87], scribing the collective response of a quasi-free electron gas
we apply the energy stripping criterig@9], where we seek in the solid, but a few words will be mentioned in Sec. IV
the minimum of the total energl, relative to the electron regarding a possible role of the core electrf®8,31] in the
populationsN; on all the ions. This minimum is obtained by interionic potential32,33. In traditional frozen-charge ap-

solving n coupled equationsE _ /dN;=0, viz., proaches to Coulomb explosion of both snjali34—3§ and
) n large[1,37] clusters, the most popular approach employs an
U—+E’(N-)— 2 (Z,~N)U(r,)=0, for 1<j=n empirical Yukawa-type interaction potential. In the present

2 O A e == ’ context, we obtain the interaction potenti&) in a Yukawa-

(6) like form Uy(r)=r"lexp(—kd), by using Rel/e(k,w)]
I . o o =k?/(k?+k?), wherek_ * is a velocity-dependent screening
with Eq(N) being the derivative of the function in EGL. = engin[3g), with the high-velocity limitks *=v/w,, w, be-
Systematic solution of these equations provides, in principle

all the equilibrium ion charges throughout the cluster travel-rng the electron plasma frequency of the target. A more re-

ing at the velocityv, while taking full account of the spatial alistic app_roach to Coulom_b expl(_)s_lqn uses a_dynam|cally

distribution of ions, and any anisotropy of the dynamically screened mtergcnon potentlal, exhibiting an osc!llatory wake

screened interactions. It is clear that each ion charge, o atern, wh|qh |s.resp0ns_|ble for atende_ncy of diatomic mol-

tained in this way, is a.function of the coordinates of all idns .cules.to align in the.dlrect|on of mot|o_[r17,39,4(}, qnd

<o that the vicinag';e terfuouble summationin Eq. (4) is no 'gives rise to asymmetric Coulomb explosm_n_patterns in large
S o Lo . clusters[41]. In the present study of the vicinage effect on

Iongelr alpa;]r\lee superposrlltlon' Qf Interionic Tterac(j:tlon P%%jon charges in a di-atomic molecule, we reduce the parameter

tn?mgassth;itntgrz":l:?oengr?ees,t € \_/;)ciln?ge ter.mbo t'E?j. eter: space of the theory by ignoring the orientation effects, and

: responsibie for @"".‘ atig dynam only consider the wake effects onrandomly orientednol-

ics of Coulomb explosion of the cluster in its own frame of

reference, thus making self-consistent solutions of equatio gcule, whence the factor céis) in Eq. (5) is to be replaced
e ) g sel a nt?y (kr) ~sinkr). By using the frequency-dependent dielec-
of motion for all ions a serious challenge.

Even in a static case, solving Ed) for ion charges may "' f+unct|on in £q.(5), e(k,0)=1-wy/w(wtiy) with y
be quite tedious in a general case of a large heteronucleeﬁ0 , We ther_1 obta|_n an analytmal re.S@BG]’ exhibiting a
cluster with a given frozen structure relative to the directionW"’lke paitern in the interaction potential, as follows
of motionv. We have used ifi24] a simplifying assumption
that all ion charged\; are equal to an average valbein a 1
randomly oriented homonuclear clustéf;=Z, and em- Uw(r)z_ccﬁ{rﬂ)Jr_si(rﬂ), (8)
ployed a two-particle distribution functidri2,20,26 to de- v
scribe the structure of such a cluster. However, such simpli-
fying assumptions are not required to solve the system of
Egs.(6) for the case of a homonuclear di-clustar2) with ~ where si is the sine integral. We note that, when radially
the nuclear chargeg,=Z,=2Z, where the minimum of the symmetric model potentials)\(r) and U,,(r) are used in
energy E, is obtained by a symmetric solutiolN;=N,  Eg.(7), the solutions for the electron populations in a homo-
=N. Here, the electron populatidd on each ion in the di- nuclear di-cluster will be also radially symmetric functions,
cluster is obtained by solving the equation N=Ny(r) andN=N,(r).

As a quantitative example, we consider a randomly ori-
ented N molecule £=7) with an equilibrium internuclear
distance ry=2.12, moving in a carbon target witl,
=25 eV. We obtain the ionization degregs 1— N/Z from
so that the equilibrium value & becomes an implicit func- Eq. (7) with the Yukawa- and the wake-type model poten-
tion, N=N(r), of the inter-nuclear relative positian=r,. tials and plot in Fig. 1 the ratiog/qq (qo being the ioniza-

A second-derivative test shows that such a symmetric soluion degree of an isolated N ion at the same spegghinst

tion provides a global minimum of_ for a di-cluster, as the internuclear distance for two speedsv=1.7 andv

long as the internuclear distanceexceeds several ion sizes =2.3. It is seen that the positivéepulsive interactions in

A, in accord with the above mentioned point-charge approxithe model potential&)y(r) andU,(r) generally reduce the
mation forE, . We note that the result of standard BK theory ion charges of the constituent ions in the molecule, when
[27,29 for the equilibrium electron populatidd, of a single  compared to the charge of an isolated ion, while the attrac-
isolated ion at speed can be obtained from Ed.7) by tive (negative parts of the wake-type interactids,(r) en-
letting U(r)—0, that is,r —oe. hance those charges. It is also obvious that the wake-type

An important problem in calculations of the vicinage ef- interaction makes the vicinage effect on ion charges much
fect on ion charge states is the modeling of electronic remore sensitive to the speed than the Yukawa-type interac-
sponse of the medium by an appropriate dielectric functiortion. Similar conclusions can be drawn from Fig. 2, where
e(k,w) in Egs.(3) and(5). We note at once that this problem we plot the ratiosy/q, versus the speed for two internu-
is intimately connected to the modeling of Coulomb explo-clear distances,=r,=2.12 andr =2r,=4.24.

2

+ENNI~(Z=N) U(n) =0, ™
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FIG. 1. Ratio of the vicinage ion chargeto the isolated-ion
chargeqq versus the internuclear distancédin a.u) of N, in car-
bon, for two speeds;=1.7 andv=2.3(in a.u), with the Yukawa-
(thick line) and the wakédthin line) type interactions.

Ill. STOPPING POWER OF PARTIALLY STRIPPED
MOLECULE

In the most recent development of a theoretical model for
cluster energy loss, AristEl5] provides the expression for

PHYSICAL REVIEW A 63 022901

Here, the space Fourier transform of the total charge distri-
bution p;(k) at thejth ion in the cluster is given by E¢3),
where the ionization degresg and the ion size\; are deter-
mined by a solution of the equatior{§) for the electron
populationsN; which, in turn, depend on the coordinates of
all ions. Thus, the vicinage effect on ion charges is incorpo-
rated, in a complicated way, in both the incoherent part
(single summation and the coherent, or vicinage, part
(double summationof the stopping-power expressidf).
This complex picture simplifies somewhat for a homonuclear
di-cluster h=2,Z,=2,=2), in which caseN;=N,=N(r),

and consequently; (k)= p,(k) =p(k;r), where we indicate
an implicit dependence of the ionic charge distributions on
the relative internuclear positian Thus, the stopping power
formula for a di-cluster reduces to

1

7TZU

e(kk-v) |
(10)

Se=—— d3kkk—p (k;r)[1+ cogk- r)]lm{

We note that, letting —c amounts to co&(r)—0 in Eq.
(10), and one thus obtains the incoherent stopping power of
two isolated ions

4 o kv
SO:?T_UZJ po(k)f dw wIm (11

W
ek, )]’

the stopping power of an-component cluster made of par- \hich is exactly twice the result of the standard BK theory

tially stripped ions, viz.,

| d3k A n
_ o
Scl f(z,n.)3 k2 6(kk V) 2 |PJ(|()|
n n
+;§=: 2: T(k)p;(k)e'k'(”m] 9)
1.1
wake
1
q
9o
0971
" ? ! 6 s 10

v (a.u.)

FIG. 2. Ratio of the vicinage ion charggto the isolated-ion
chargeq, versus speed (in a.u) of N, in carbon, for two internu-
clear distancest =2.12 andr=4.24 (in a.u), with the Yukawa-
(thick line) and the wakethin line) type interactions.

[27], with the charge distributiomy(k) given by Eq.(3)
where the electron populatidd, of an isolated ion is to be
used. For a randomly oriented molecule with a finite inter-
nuclear distance, we have a radially symmetrisl=N(r)
and consequentlp=p(k;r), as discussed in the previous
section, while the factor cds(r) in the stopping power for-
mula Eq.(10) is to be again replaced bk() ~!sin(kr), giv-

ing

4 (=dk sin(kr)| (ko
__ | I 2
_WUZ oK po(k;r ){14— kr }fo d

Vicinage effect on cluster energy loss is best expressed in
terms of the stopping-power ratiB=S;,/S,, which com-
pares the totafincoherent plus coherenstopping power of
the n-component cluster to the stopping powernoisolated
ions. Note carefully that, for a randomly oriented di-cluster,
Sg1 contains the ion charges which depend on the internu-
clear separationand thus are already modified by a vicinage
effect, while the ion charges used 8 correspond to iso-
lated ions at the same speed.

Calculations of stopping powefd1) and(12) for a ran-
domly oriented N molecule in a carbon target are performed
with a plasmon-pole approximatiol1] for the dielectric
function, while the ionization degrees of Sec. Il are used to
evaluate the charge densitie€k;r) andpq(k). In Fig. 3, we
plot the stopping-power ratidg, obtained from the Yukawa-
type (thick solid lines and the wake-typéthin solid lines
interactions for ion charges, versus the internuclear distance

cl

022901-4



STOPPING POWER OF FAST, PARTIALLY STRIPPED ... PHYSICAL REVIEWGS 022901

I
137 frozen @ = '
1.3 1 -
1.27 S e
12 1 ’// e
R
.17
YW g/ 47 frozen
R
— wake
11 11
Yukawa,
Yukawa
0.9
09 ‘ 0 2 4 6 8 10
v (a.u.)
(b)
frozen _ . .
FIG. 4. Stopping-power rati®=S.,/S, of N, in carbon versus
127 speedv (in a.u), for two internuclear distances:=2.12 andr
=4.24(in a.u). lon charges are evaluated with the Yukaftiek
solid line) and the wakethin solid line type interactions, or taken
111 to be frozen(dashed lingsat the valueg, for an isolated ion.
R evaluated with the wake-typéhin solid lines and the
| Yukawa-type (thick solid lines interactions. At moderate
1 speedsv, the three types of ion-charge treatments show
marked differences but, asincreases, they all converge to
Yukawa steadily increasing energy-loss enhancements which are
097 more pronounced at shorter internuclear distances.
0 2 4 6 8 10 12 IV. ROLE OF VARIABLE ION CHARGES IN COULOMB
r (a»-u-) EXPLOSION AND MULTIPLE SCATTERING
FIG. 3. Stopping-power ratiR=S,, /S, of N, in carbon versus The ion charges, obtained from the variational procedure

the internuclear distanae(in a.u), for two speeds(a) v=1.7 and  of Sec. Il, in general depend on the geometric structure of the
(b) v=2.3 (in a.u). lon charges are evaluated with the Yukawa- cluster, and therefore will modify the interionic interactions
(thick line) and the wakethin line) type interactions, or taken to be responsible for the dynamics of Coulomb explosion. In par-
frozen(dashed linesat the valueg, for an isolated ion. ticular, for a homonuclear di-cluster, we have obtained from
Egs. (5) and (7) the equilibrium charges on the constituent
r for two speeds(a) v=1.7 and(b) v=2.3. In addition, we ions, Q;=Q,=Q(r)=Z—N(r), which vary with the inter-
have also calculated the stopping-power r&iwhen the ion  nuclear distance in an adiabatic manner. Now, the actual
charges are frozen and equal to the charge of an isolated io@oulomb explosion is driven by the effective interaction po-
that is, whenS;, in Eq. (12) is evaluated withpo(k) rather  tential between the two partially stripped ions in a di-cluster,
than p(k;r). These results are displayed in Fig. 3 by thegiven byV(r)=Q?(r)U(r), whereU(r), Eq. (5), is the dy-
dashed lines, showing only the vicinage effect on stoppingiamically screened interaction between a pair of unit point
power, with the usual energy loss enhancemé&it{) for  charges. For a randomly oriented I carbon, we use the
small internuclear distances, which diminishes as the ion®n charges obtained from the Yukawa- and the wake-type
separate R—1 asr increases It is obvious that the com- interaction potential§see Fig. 1, and calculate the corre-
bined vicinage effects on both the ion charges and the stosponding radially symmetric effective potentialgr). The
ping power, as displayed by the solid lines in Fig. 3, mayresults are displayed in Fig. 5 by thick solid lines for the two
alter the stopping power in a profound manner when comspeedsa v=1.7 and(b) v=2.3, and are compared to the
pared to the frozen-charge case. Depending on the modeffective interaction potential®/(r)=Q3U(r) (shown by
interaction used to obtain the vicinage effect on ion chargeshin solid lines, with the ion charges frozen at the valQg,
we may have additional energy loss enhancenrefated to  corresponding to an isolated ion at the same speed. It is seen
the attractive parts in the wake-type potentiat energy loss that the vicinage effect on ion charges makes all the repul-
deenhancemenR< 1) when the interactions are positive. In sive interactions in the effective potentials softer than in the
Fig. 4, we show the velocity dependence of the stoppingase of ions with frozen charges. As predicted in RES],
power ratios for two internuclear separatioms;2.12 and this softening of the interaction potential will make Coulomb
r=4.24, when the ion charges are froz@lashed lines or  explosion slower than what would be expected if the charges
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FIG. 6. Dependence of the internuclear separatién a.u) on
time t (in fs) in Coulomb explosion governed by Yukawa-type in-
v=23 a.u. teraction for N in carbon for two speeds,=1.7 andv=2.3 (in
a.u). Thin solid lines are obtained with the frozen ion charggs
while the thick solid lines show the modification of the Coulomb
Yukawa explosion due to vicinage effect on ion charges. Effective internu-
1% (a.u.) clear separa'Flon due to multiple scattering, (%)) "%, is shown by
the dashed line.

realistic description of the target dielectric function, the os-
cillatory wake pattern in the induced potential may be

1 wake damped compared to the induced potential when only the
0 9 4 6 8 10 12 free-electron gas response is considered. Such a conclusion
r (a.u.) may be rationalized based on the fact that the screening

lengths due to the core electrong,wy, are much shorter

FIG. 5. Effective interaction potentia‘é(in a.u) for a randomly than the |ength of a free-electron gas respODSQP, Owing
oriented N in carbon versus the internucl_ear distan¢@ a.u), for to much higher resonance excitation frequeneigof core
two speeds:(@ v=1.7 and(b) v=2.3 (in a.u), based on the gectrons than the plasma frequency[14]. It may then be
Yl.Jkawa-. and the Wakg-type |nteract|0n§. Thin splld Ilngs are Ob'expected that the wake-type model potential, used in the pre-
tained with th?. fro_zen lon chargeg,, while the_tr_nck solid Ilnes_ vious two sections, overemphasizes the oscillations in the
show the modification of the potentials due to vicinage effect on ionake pattern, and that the Yukawa-type potential serves a
charges. . . - . .

better role in modeling the vicinage effect on ion charges in

a cluster. While no definite judgment can be made at this
were frozen at the value of isolated ions. On the other handyoint from the theoretical side, it is suggested by the results
the attractive wells in the wake-type potential are deepenegresented in Sec. I(Figs. 1 and 2 that an experimental
by the vicinage effect on ion charges, thus further strengthaffirmation of strong wake effects on ion charges in a cluster
ening possible wake-assisted bound states of the two comvould require observations of both reducadd increased
stituent ions[42]. In either case, it seems that the vicinageion charges, as compared to the isolated ions at the same
effect on ion charges renders Coulomb explosion a less ebpeed. As mentioned before, so far only charge reduction has
fective mechanism of the cluster spatial dispersion, while théoeen observed experimentallg2,23, providing an empiri-
multiple scattering should not be affected by the variable iorcal affirmation of the Yukawa-type interaction. Led by this
charges. discussion, we have solved the equation of motion for Cou-

While these conclusions add to a debate on relative rolemb explosion of a Bl molecule in carbon, using the effec-
of Coulomb explosion and multiple scatterifij3,18, we tive interaction potentiaV/(r) of the Yukawa type. The re-
wish to comment here on modeling the interaction potentialsults for internuclear distanaeversus timet are shown in
Eg. (5), based on a model for the electronic response of théig. 6 for two speedsy=1.7 andv=2.3, where the thick
target. In particular, the role of core electrons in the interi-solid lines depict the effect of variable ion charges on Cou-
onic interactions within a cluster seems to be unclear alomb explosion, as compared to the case of frozen ion
present. Apart from several studies of cluster energy lossesharges, shown by the thin solid lines. These curves clearly
which include the contributions of core electrdi39,31,34, demonstrate a quantitative effect of slowing down of Cou-
there seem to exist only two very recent studies of modifidlomb explosion due to the vicinage effect on ion charges.
cations of the induced potential by a fast ion due to core Itis also interesting to compare the temporal evolutions of
electrons[32,33. It has been shown thdB3], in a more the internuclear separationdue to Coulomb explosion and

022901-6



STOPPING POWER OF FAST, PARTIALLY STRIPPED. .. PHYSICAL REVIEWGS 022901

due to multiple scattering of a di-cluster, in order to gain ansimply by recalculating the stopping powér2) versus the

idea about the relative strengths of the two mechanisms gfenetration timeS;,= S;(t), by using the relations=r (1),

cluster dispersion. The stochastic nature of multiple scattershown in Fig. 6 by thick solid lines. For the multiple scatter-

ing is best described by a distribution functiér(r;t) of  ing case, however, we have to modify the interaction poten-

internuclear separationsafter the penetration timg for a  tial Eq. (5) for a di-cluster, as follows:

di-cluster which was initially oriented in random directions,

with an equilibrium internuclear distancg. Multiple elastic a3k 4m 1

scattering of each constituent ion in the di-cluster by the U(t):f —cos{k'r0)|H(K;t)|2Re{—

target atoms can be represented by a random sequence of (2m)® Kk? e(k,k-v)

small-angle deflections in the laboratory frame, with negli- (13

gible change of the ion velocity. As a result, in the cluster

center-of-mass frame, each ion undergoes two-dimensionalherer, is the initial internuclear separation. On using Eq.

displacementR in a plane perpendicular te, which are  (13) in Eq. (7), we obtain the electron populations and the

distributed according to a functid(R;t) after the penetra- charge distributions in terms of the penetration tini,

tion timet. Assuming that the random deflections of the clus-=N(t) andp=p(k;t). Next, in the case of multiple scatter-

ter constituent ions are statistically independent from eacing, the expressiofl0) has to be modified as well, giving a

other, one can obtain a three-dimensional Fourier transforrtime-dependent stopping power

of the distribution functionF(r;t) as follows: F(k;t)

=|H(K;t)|?(krg) “!sinkry), where H(K;t) is a two- 1 K

dimensional Fourier transform of the multiple scattering dis- g (t)= _f d3k—p?(k;t)[1+cogk-ro)|H(K;t)|?]

tribution function for a single ioM (R;t), with K being the ) k2

component of the wave vectirperpendicular tw, such that

k=(K,ky) andk-v=Kkjv [20]. With the normalizatiorH (K <1Im

=0;t)=1 of the multiple scattering distribution, we ensure

that the distribution of inter-nuclear separations is normal-

ized as well,F(k=0;t)=1, for allt=0. The analytical ex- Using the analytical result for the multiple scattering distri-

pression forH(K;t)=H(K;t), after traversing the distance bution H(K;t)=H(K;t), obtained from an inverse-square

vt through the target, is obtained by using the small-anglgcattering potential, along with the assumption of grmbl-

approximation for a central-potential elastic scattering of thescule which is initially oriented in random directiof0],

projectile ion on target aton4.9,20. On using an inverse- we evaluate both the ion charges and the stopping power in

square scattering potential, one further obtains a simple, yeérms of penetration timethrough a carbon target.

reliable, resultH(K;t)=exp(-cKt), which does not de- Finally, to make contact with the energy-loss measure-

pend on the cluster speedand wherec is a constant deter- ments, we evaluate

mined by the atomic parameters of both the target and the

projectile particled19,20. Unfortunately, the first moment 1T

of the internuclear separatio(r,);, taken with the distribu- (Sei(T))= ?f dt S (1), (15

tion F(r;t), does not exist in such a simple model of mul- 0

tiple scattering. However, it makes sense to evaluate the tem-

poral evolution of the average of the inverse separationwhereT is the actual penetration time through a target of

(r~1);, due to multiple scattering, when comparison is madethicknessv T, and present the results for the averaged stop-

with the change ofr with time in a Coulomb explosion. ping power ratiogR(T))=(S.(T))/S, in Fig. 7, for N, in a

Namely, (r ~1);) "1 is such a separation that would give the carbon target with two speed&) v=1.7 and(b) v=2.3.

same(bare Coulomb interaction among unit charges as theThe thick solid lines in Fig. 7 represent the data for Coulomb

true average of that interaction, taken with the distributionexplosion(CE) and multiple scatteringMS), including vari-

F(r;t). The time dependence ofr("t);) ~! is shown in Fig.  able ion charges due to increasing interionic distances, while

6 by a dashed line for a randomly orienteg idolecule, as a the thin solid lines show the cases when the ion charges are

measure of the increase in internuclear separation due taken frozen at the value corresponding to isolated ions at the

multiple scattering in a carbon foil. Clearly, the effect of same speeds. In addition, we also show in Fig. 7 the points

multiple scattering is comparable to the effect of presenting the experimental data from Hefl], which were

(dynamically-screengdCoulomb explosion in initial stages among the first demonstrations of the energy loss deenhance-

of penetration through the target, but the multiple scatteringnent in molecular stopping power. It is seen that both Cou-

takes over for prolonged penetration tinjds]. lomb explosion and multiple scattering exhibit energy loss
Finally, let us discuss the relative roles in energy losses ofleenhancement, compatible with the experimental data,

N, in carbon target, played by Coulomb explosion, driven bywhen the ion charges are reduced due to vicinage effect de-

the Yukawa-type interaction, and the multiple scattering. Wdermined by the Yukawa-type interaction. When the vicinage

perform calculations separately for these two mechanisms affect on ion charges is ignored by using frozen charges of

cluster spatial dispersion, keeping the ion charges modifietolated ions, a constructive interference in the stopping

by the vicinage effect due to increasing internuclear disppower due to the vicinage effect takes over and gives rise to

tances in each case. This is achieved for Coulomb explosiothe familiar energy loss enhancement.

-1

Kk |’ (14)
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like interaction, which gives rise to a charge reduction com-
pared to the charge of isolated ions at the same speed, while
a dynamically screened interaction, exhibiting a wake pat-
tern, gives rise to reduced or increased ion charges, in the
regions where the interaction potential takes positive or
negative values. Based on these results, the ion charge dis-
tributions were evaluated from the BK model and used to
calculate the cluster stopping power, employing the recent
model of Arista[15]. It has been demonstrated that the vici-
nage effect on ion charges is strong enough to significantly
alter the vicinage effect on cluster stopping power, giving
rise to additional energy loss enhancement or overall energy
loss deenhancement, depending on the model interaction
used and the ranges of cluster speeds and internuclear dis-
tances. In addition, the vicinage effect on ion charges has
been shown to soften the effective interionic potentials, re-
sulting in a slower Coulomb explosion than expected for a
pair of ions with the charges frozen at the value correspond-
ing to isolated ions. Finally, we have demonstrated that the
energy loss of Blin a carbon foil exhibits a deenhancement,
compared to the energy loss of two isolated N ions at the
same speed, when either Coulomb explosion or a multiple
scattering mechanism of cluster dispersion is considered
along with the ion charges determined by the Yukawa-type
interaction.

Our intention was to demonstrate a variety of possible
effects, rather than giving definite answers, regarding the
stopping power and Coulomb explosion, when the vicinage

effect on ion charges is treated in a consistent manner. A
number of improvements of the present theory are possible
and required. First, the variational approach to the determi-
nation of equilibrium charges on the ions within a cluster can

FIG. 7. Averaged stopping-power ratf&®)=(S;,)/S, of Ny in be improved by incorporating the properties of the.target
carbon versus the penetration tifigin fs) for two speedsfa) v~ [28]. Next, the problem of modeling the dynamically
=1.7 and(b) v =2.3(in a.u). Thin solid lines are obtained with the Screened interactions, responsible for the vicinage effect on
frozen ion charges|,, while the thick solid lines show the role of ion charges and Coulomb explosion, needs to be clarified,
the vicinage effect on ion charges obtained from Yukawa-type in€specially in view of a possible role of core-electron excita-
teraction. Cluster dispersions due to Coulomb explog®B) and  tions of the targe{32,33. Also, the dynamics of Coulomb
multiple scatteringMS) are treated separately. Experimental pointsexplosion needs to be carefully reexamined, in view the
are taken from Ref.21]. complexity of interionic interactions, when the ion charges

depend on internuclear positions. At this stage, however, one
V. CONCLUDING REMARKS may suggest a reaffirmation of the role of multiple scattering,

We have presented a consistent variational approach {ased on a softening of the repulsive interionic interactions
the vicinage effect on ion charges in a heteronucleafU® 0 the ion-charge reduction and a consequent slowing

n-component cluster of partially stripped ions, which movedoWn of Coulomb explosmn. In addressing these issues, one
at the velocityv through a solid target. The model is based"Would greatly benefit from a more abundant pool of system-

on the BK theory[27] for isolated ions, supplemented by &UC €xperimental data.

dynamically screened interionic interactions in the cluster

frame of reference. A systematic solution of a system of

algebraic equations provides the ion charges which depend
on the instantaneous structure of the cluster constituent ions. The work reported here was supported by the Natural Sci-
An important conclusion follows that the dynamics of Cou-ences and Engineering Research Council of Canada. Y.N.W.
lomb explosion, in general, is no longer governed by pair-gratefully acknowledges support by the National Natural Sci-

wise interionic interactions. For a homonuclear di-clusterence Foundation of China and the Grants of the National
the ion charges have been evaluated by means of a Yukaw&ducation Ministry of China.
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