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Stopping power of large homonuclear clusters: Influence of cluster structure
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A theoretical investigation based on the linear dielectric formalism is presented of the stopping of
large clusters in metals at velocities above the Fermi velocity. Calculations are carried out for hydrogen
clusters of 4, 13, and 100 H2 molecules stopping in aluminum. Emphasis is placed on the influence of the
internal cluster structure, which enters in the present description via the pair-correlation function for
the relative positions of nuclei. The target properties are modeled by Lindhard's dielectric function for a
free-electron gas. Interference effects with respect to both collective and individual excitations are
quantified separately for intra- and intermolecular terms, and are evaluated as a function of cluster ve-

locity. Effects of short-range order, in particular the importance of an exclusion volume around each
molecule, are clearly visible. The results indicate, however, that beyond the nearest neighbor the de-

tailed molecular arrangement has only little influence on the stopping power for the clusters studied.
The partitioning of contributions due to close and distant collisions, as it is known for the stopping of
point charges, is found to be substantially different in the case of cluster projectiles. The effect of
Coulomb repulsion is commented upon.

PACS number(s): 34.50.Bw, 36.40.+d

I. INTRODUCTION

Most of our knowledge about the interaction processes
that govern the behavior of swift ions in solids derives
from experiments using beams of single atomic particles.
In this case, the separation between the beam particles is
microscopically so large that the solid is back to the equi-
librium state when each new particle enters the medium,
and so there is no interference in the response of the
medium to different beam particles.

In contrast, when ionized cluster beams are used, the
distance between the particles in a given cluster is similar
to the interatomic distances in a solid, and therefore the
cluster components will interact collectively. This can in-
volve simultaneous interactions between several particles
in the cluster and the solid. Hence, the use of cluster
beams of molecular or atomic ions provides a new tool to
investigate dynamical interaction processes in matter [1].

Most of the studies along this line considered the case
of small clusters containing a few atomic ions [1—11]. In
particular, earlier attention was paid to modifications in
the energy loss of the cluster [2—7], to the Coulomb ex-
plosion of molecular ions [8,9], and to studies of spatial
patterns to distinguish different molecular structures
through cluster —beam-foil experiment analyses [10,11].

More recently [12,13], experimental techniques have
been developed that allow the study of large molecular
clusters containing up to several thousand molecules.
This opens a field for new studies of cluster-solid interac-
tions, where even the main processes are still not well un-
derstood; in particular, recent claims point at the possi-
bility of using large molecular clusters to induce fusion
processes in solids [14], an area that is currently under
discussion [14,15].

Furthermore, we should mention the growing field of
ion-beam applications in fusion research, where energetic

ion beams are used as drivers in inertial-confinement
fusion experiments [16,17]. The possible use of ionized-
cluster beams, which can provide higher concentrations
of energy inside the target, is an alternative that becomes
of particular interest. In a recent paper Deutsch [18]
discusses experimental and theoretical aspects of the ap-
plication of relatively large ionized cluster beams in
particle-driven inertial confinement fusion.

Basic research is being pursued in the field of large-
cluster interaction with solid targets both theoretically
[19]and experimentally. One recent experiment [20] was
performed with hydrogen clusters H„+ up to n =25. The
authors measured the energy loss of clusters penetrating
carbon foils at energies up to 120 keV per proton.

In this work we consider the cluster stopping power
(i.e., the energy loss per unit pathlength) in a solid due to
electronic excitations, for a range of cluster velocities
starting from the Fermi velocity vF of the solid-target
electrons. We consider homonuclear clusters, and the
electron gas model is used to account for the vicinage
effects in both collective and individual electron excita-
tions (i.e., the so-called electronic stopping power}. By
excluding clusters of low velocity we can ignore compli-
cations due to nonlinearity in the screening of the cluster
charge [21], and also the effects of nuclear interaction on
the energy loss, since electronic stopping is the dominant
mechanism in the velocity range investigated here
[22,23]. In particular, we analyze the influence of the
cluster structure on the cluster energy loss, through a vi-
cinage function that depends on the pair-correlation
function and takes care of the collective interference
among the particles in the cluster. Emphasis will be
placed on the new field of stopping of large clusters.

In the next section we introduce the cluster stopping-
power model according to the linear dielectric formalism.
In Sec. III we analyze various descriptions of cluster
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structure in terms of different assumptions on the pair-
correlation function of hydrogen molecular clusters. Cal-
culations of cluster stopping power are presented in Sec.
IV, where the results of high-velocity approximations and
exact numerical integrations for the full velocity range
are shown. Section V summarizes the conclusions of this
work.

S,l=NZ
2

F k dcoeIm
mv' 0 k 0

(6)

where the function F(k) represents the structure factor
[25] for the cluster,

II. BASIC MODEL
F(k)=1+n fd rgd(r) (7)

Consider a cluster consisting of N atoms with relative
positions r;, each atom having a charge Z, and moving
with velocity v through a stopping medium. A general
expression for the stopping power S,l of such a cluster is
given by [4,21,24]

N

S,)=Z N+ g I(r, , 8, )S""
i' =1

where Sr and I(r, 8) are, respectively, the proton stop-
ping power and the interference function defined below.
We use atomic units, e=fi=m =1, throughout this pa-
per. Equation (1) takes into account the contribution of
each individual particle to the stopping power as well as
its interference effects with other particles in the cluster.

The electromagnetic response of the medium to an
external perturbation is described by the dielectric for-
malism in terms of the target dielectric function e(k, co).

Thus, the proton stopping power is

S)—=NZ Scl p (8)

The united-atom limit, on the other hand, is obtained
when internuclear distances may be considered to be
small compared to the relevant excitation wavelengths;
hence, one may replace the term sin(kr)/(kr) in Eq. (7)
by unity, and the cluster stopping power becomes

As noted above, Eq. (6) is valid for random cluster orien-
tation; the corresponding expression for oriented clusters
is available [21,24] but will not be used here since we con-
centrate on large clusters where, as discussed in Ref. [21],
orientational effects are expected to be small.

Equation (6) can be applied to two limiting cases, the
independent-particle limit and the united-atom limit.
The first case may be realized by making all internuclear
distances so large that the term sin(kr)/(kr) in Eq. (7)
changes sign frequently and the net contribution from the
interference term becomes very small. In this case, one
obtains

S,=,f"""f ""d~~lm—
0 k 0 e k, co)

(2) S,i=(NZ) Sq,

where Im(z) denotes the imaginary part of z. The in-
terference function becomes

I(r, 8)= f d k Im2' uS kP

Xcos(k r),

1

e(k, co)

(3)

where the frequency ~ is evaluated at co=k.v. The angle
between the velocity v and the vector r is denoted by 8.

For random cluster orientation, Eq. (1) may be aver-
aged over all orientations to give

S,~=NZ 1+n fd r g,t(r) I(r) Sz . (4)

X f""d~~rm—
0 E(k, co)

Rearranging terms, Eq. (4) may be written in a condensed
form,

Here, n stands for the number density of atoms in the
cluster, while g, l denotes the pair-correlation function for
cluster atoms, i.e., ng, &(r)d r is the average number of
atoms found in a volume element d r at distance r from a
randomly selected atom in the cluster. I(r) denotes the
angular average of the interference function I(r, 8),

2 f ~ dk sin(kr)
o k kr

P

i.e., the stopping power of a pointlike particle with
charge NZ. Here we have made use of the normalization
condition,

N=l+n fd rg,~(r)=F(k=0) . (10)

The content of Eq. (9) should be understood merely as a
formal result, since if all components of the cluster were
contracted into one point charge, this would result in a
strong perturbation of the target electrons and hence the
assumption of a linear response of the medium would no
longer be valid.

It may be noted that although Eqs. (8) and (9) are limit-
ing cases with respect to the cluster size, they are not ex-
treme cases with respect to the stopping power. For des-
tructive interference the cluster stopping power may still
be smaller than the independent-particle limit given by
Eq. (8).

III. CLUSTER STRUCTURE

In order to calculate the cluster stopping power, one
needs to specify the atomic pair-correlation function

g,&(r) for the cluster. This function contains information
on the short- and, if present, long-range order in the clus-
ter. In particular, the size and shape of the cluster also
enter since g„(r) must vanish for separations exceeding
the cluster size.

In the following, we shall investigate the stopping
power of clusters of hydrogen moleeules. This is the sim-
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plest theoretical case, and, as discussed in the Introduc-
tion, is also amenable to experimental study of cluster en-

ergy losses in solids.
From the experimental point of view, not much detail

is known about the arrangement of molecules in hydro-
gen cluster beams. Ground-state configuration calcula-
tions are available [26] for small neutral (Hz)„clusters.
Moreover, claims exist [27] that singly ionized clusters
typically appear as one H3+ ionic core surrounded by H2
molecules. On the other hand, theoretical calculations
[28] for alkali-metal clusters indicate that the lattice
structure of a static cluster need not necessarily coincide
with the bulk structure of the respective material, even
for quite large clusters. It is one of the major points of
the present investigation to assess to what extent the de-
tails of the molecular arrangement affect the stopping of
the cluster.

Any reasonable model for the pair-correlation function
of a hydrogen cluster has to take into account its molecu-
lar structure. A possible concept in this regard consists
in dividing up the correlation function into an intra- and
an intermolecular term

5(r r., )—
gintra(

4~~ mol

(12}

The intermolecular term, on the other hand, contains in-
formation about the arrangement of molecules and obvi-
ously, about the size of the cluster. In view of the uncer-
tainties regarding the structure of real, hot cluster ions, as
they are used in beam experiments, we consider here two
idealized models for the spatial arrangement of the mole-
cules, which might be viewed as limiting cases of com-
plete randomness and perfect order.

d(r) =g;„«a(r)+g;„«r(r)

corresponding to correlations in atomic positions within
a molecular component of the cluster (intra), or correla-
tions involving atoms belonging to difFerent molecules
(inter}. The intramolecular term is represented by a
sharp peak at the intramolecular separation r,&=1.4
a.u. (this value holds for a neutral molecule; the respec-
tive value for H2+ is much larger, 2.44 a.u.),

4m

3 re]

5( ~r&
—
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X dr2
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(14)
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(15)

for r &2r,&, and zero otherwise. The intermolecular part
of the pair-correlation function for a random cluster is
then given by

g,„„,( )=C8( —,„)p(,r„), (16)

with 8(x) denoting the unit step function. The normali-
zation constant

C= (1—8x +9x —2x },x=N —2 4 6 ] cx

N 27 cl
(17)

has been introduced here to conserve the number of
atoms in the cluster, Eq. (10},hence to ensure compatibil-
ity with the united-atom limit Eq. (9). An example of the
correlation function for a hydrogen cluster of 13 mole-
cules is discussed in the next section.

B. Ordered clusters

In solid parahydrogen H2 molecules form a hexagonal
close-packed lattice [29,30], with no particular orienta-
tion of the molecular axes. In the ordered-cluster model
we assume that hydrogen clusters will retain this struc-
ture. Two clusters of particularly high symmetry and
low configurational energy are the tetrahedron, consisting
of four H2 molecules, and one consisting of 13 H2 mole-
cules, shown in Fig. 1. These will be taken here to study
effects of cluster structure on stopping.

The intermolecular pair-correlation function g;„„,for a

where both integrations extend over the cluster volume.
This amounts to calculating the overlap of two spheres of
radius r,&

with their centers separated by r, giving

A. Random spherical clusters

Let the cluster consist of a single-element medium with
atomic density n. By cutting out from this medium a
sphere with radius r,~, one obtains a cluster with an aver-
age number of N atoms,

4mN=n r,) . (13)

In this random model, the atoms form diatomic mole-
cules, and these molecules are located at random posi-
tions within the cluster; yet no two atoms can approach
each other closer than a minimum distance r,„,as for in-
stance in a gas of hard spheres. The intermolecular pair
correlation of atoms g;„„,(r) in such a cluster is zero for
r &r,„, and is related, for r ~ r,„, to the probability p of
finding two atoms both within the sphere, at separation r,

FIG. 1. Arrangement of 13 molecules in a cluster with hcp
structure.
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TABLE I. Distribution of distances between lattice points
(centers of H~ molecules) for the ordered cluster of 13 molecules
shown in Fig. 1.

a;
1

72

v'2
24

v'3
36

&8/3
6

&11/3
12

5(r r;)—
ngs, (r) =—g a,

4m-r, ' (19)

where r, =7.67 a.u. denotes the nearest-neighbor dis-

tance, rz is the second-nearest-neighbor distance, and so
on. The coefficients a,. represent the number of pairs of
lattice points separated by r; in the cluster. [In order to
satisfy the normalization condition Eq. (10), each pair is
counted twice. ] For the tetrahedron, the only separation
is r&, and a& =12. Table I gives the corresponding values
of r; and a, for the cluster with 13 molecules.

Figure 2 illustrates the pair-correlation function for a
hydrogen cluster consisting of 13 molecules, cf. Fig. 1.
Here, the pure hcp structure has been modified due to the
convolution with the intramolecular function. Together
with the ordered-cluster model is shown the pair-
correlation function pertinent to the random-cluster
model discussed in Sec. III A, for two different values for

1.2
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o.e-
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0.2—

I I I I I I0
0 5

I I I I I I I I I ~lla ~
10 15 20

r (a.u. )

FIG. 2. Various models for the pair-correlation function of
atoms in a cluster consisting of 13 molecules. Solid line: hcp
structure. Dashed line: random cluster without exclusion
volume. Dashed-dotted line: random cluster with exclusion
volume according to r,„=6.29 a.u. The thick vertical arrow at
r =r, l

= 1.4 a.u. shows the intramolecular 5 function, Eq. (12).

cluster of Hz molecules whose centers are arranged in an

hcp lattice but have otherwise random orientation is
given as a convolution of two functions, the one denoting
the distribution of separations between lattice points,
which we denote by g„, (r), and the other representing
the molecular structure, i.e., the function g;„„,(r) in Eq.
(12),

g;„„„(r)=Jd r'g„, (r')g;„„,(r —r') .

The correlation of lattice points gz, ~ is given by a sum of
5 functions,

the exclusion radius, r,„=0and r,„=6.29 a.u. The latter
value is equal to the one corresponding to the ordered-
cluster model. Clearly, the curve for the ordered cluster
shows a strong nearest-neighbor peak and some structure
at larger distances. The curves for the random cluster

display quite a different, monotonic behavior, although
the pair-correlation function extends up to roughly the
same values of r for both the random and the ordered
model. All curves have the same normalization, cf. Eq.
(10).

IV. CLUSTER STOPPING POWER

Now we turn to the evaluation of the cluster stopping
power Eq. (6) for the models of cluster structure specified
above. The separation of intra- and intermolecular
efFects according to Eq. (11) suggests splitting up the total
reduced cluster stopping power 5,i /(XZ ) into three con-

tributions,

S,i
NZ

—Sp +Sintra +Sinter (20)

A. High-velocity approximation

For cluster velocities high compared to the Fermi ve-

locity v &&vF, one may describe the electron-gas response

by the plasmon-pole approximation [32],

s
2

Im = 5(co—oik ),
E k, cgj 2cok

(21)

where the three terms on the right-hand side denote the
respective contributions of independent particles, intra-
and intermolecular interference. The first of these S is

the stopping power of an isolated proton Eq. (2).
It is clear that, apart from the cluster structure, the be-

havior of the cluster stopping power will be determined

by the dielectric properties of the target medium. The
effect of the target properties, modelled by Drude and
Mermin dielectric functions, on the cluster stopping has
been reported elsewhere [19] for the case of a carbon tar-
get. In this article we consider hydrogen stopping in an
aluminum target, which is well described by a free-
electron gas, hence one may use Lindhard's dielectric
function [31],with the electron density corresponding to
the valence-electron density of Al, given by the one-
electron radius r, =2.07 a.u. This model allows for the
separation of individual electron-hole excitations caused

by close collisions and collective plasmon excitations due
to distant collisions. Plasmons may be excited up to a
limiting wave number k„with k, =0.684 a.u. for alumi-

num.
Regardless of which model is chosen for the pair-

correlation, further evaluation of Eq. (6) using Lindhard's
dielectric function must proceed numerically. However,
a simplification in the description of the target response
occurs at cluster velocities that are high compared to the
Fermi velocity of the target electrons, where an analytical
treatment of cluster interference effects is possible.
Therefore, we first present this special case before
proceeding with more exact numerical integrations.
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where co is the plasma frequency and cok represents the
plasrnon dispersion relation

co =co +—'v k +k /4k p g F (22)

k;„„,=e ' «/r,
~

-—1.53/r, ~,
2

U min

k;„„,=e «/(2r,
~

) = l.62/r,
~

.

(23)

(24)

where y =0.57722 is Euler's constant. These expressions
have a form similar to the proton stopping power Sp in

Eq. (A4a), with k,„replaced by k;„„,for the intramolec-
ular term and by k;„„,for the intermolecular term. The
two quantities k;„„,and k;„„,are the respective charac-
teristic wave numbers for the overall interference effect.

It is noted that the S;„„,term in Eq. (23) holds for ve-

locities v co r,~, which is essentially the velocity re-
gime u ~u„of the model used here. S;„„„Eq.{24), on
the other hand, applies only at much higher velocities
v ~ coprcl

Figure 3 shows the three contributions to the reduced
stopping power according to Eq. (20), for a large random
cluster of 100 H2 molecules impinging on aluminum.
There is a threshold velocity, common to all three curves,
below which no stopping occurs. This is a well-known
characteristic of the plasrnon-pole approximation. Above
threshold, the term S goes through a pronounced max-
imum and then falls off with increasing velocity. The
term S t„shows a similar behavior, but is only about
half the magnitude of S . This is easily explained since
the characteristic wave number k;„„,lies in between k in

This model, applicable in the high-velocity limit, provides
a fairly good approximation to the Lindhard dielectric
function; it accounts for the collective electron-gas be-
havior at small k and the free-particle behavior at large k,
and also includes, although in a rudimentary manner, the
Pauli exclusion principle through the appearance of a
dispersive term for small k, whose value corresponds to a
degenerate electron gas with Fermi velocity vF. It does
not include, however, the Doppler broadening of indivi-
dual excitations [33] and thus breaks down at low veloci-
ties v SvF.

Furthermore, for the sake of analytical convenience we
consider here only random clusters with the radius of ex-
clusion r,„equal to zero [cf. Eq. (16)]. With these
simplifications, the evaluation of the stopping power ac-
cording to Eq. (6) may be carried out analytically and is
performed in the Appendix.

For the following discussion it is instructive to study
the high-velocity limit of the results in Eqs. (A4) in the
Appendix. In this limit, it is k»-—2u and k~;„=co&/v.
At suSciently high velocities, k,„ is large compared to
k~;„and the terms in Eqs. {A4b) and (A4c) containing

k,„become irrelevant. An expansion for small k;„
gives the simple expressions

2
p kintra

Sintra 2
ln

kv min

0.4

O 0.3—
00

02-
CL
CL0

tf) 0 t

Or

0
O p I - r I

cr p 2 4

Y I vF

6 8 tp

FIG. 3. Contributions S~, S;„„„andS;„„,to the reduced

stopping power of a hydrogen cluster of 100 molecules stopping

in aluminum, as a function of u/vz. The calculations assume a

random cluster with zero distance of exclusion. Target proper-

ties are described by a plasmon-pole approximation.

B. Full velocity range

In this section we present results for the cluster stop-
ping power obtained by full numerical evaluation of Eq.
(6) using the Lindhard dielectric function. Unlike in the
previous section, there will be no restriction on cluster
velocity apart from the general assumption of linear
dielectric response [31].

First we show in Fig. 4 the influence on S;„„,of the
distance of exclusion r,„. The system is the same as in

Fig. 3, i.e., a random cluster of 100 H2 molecules stop-

ping in aluminum. The three curves correspond to
different values of r,„, respectively, zero, half the
nearest-neighbor distance r, of the hcp molecular lattice,
and the value r, —r, &

corresponding to the solid-

hydrogen phase. Note that the curve for r,„=0 looks
similar to that of Fig. 3 where the plasmon-pole approxi-
rnation was used for the dielectric response, and indeed,
within the resolution of the figures displayed here, the
two results are indistinguishable. The most striking effect
of a nonzero distance of exclusion r,„ is the appearance of

and k,„,and thus, roughly speaking, half of all possible
excitations will interfere constructively as compared with
the individual stopping term Sp. The intermolecular
term S;„„„onthe other hand, shows quite a different be-

havior. In the region v 4vF, this contribution remains

rather small, since possible excitations are restricted to
wave numbers that exceed k;„„,. With increasing veloci-

ty, however, excitations with sufBciently small wave num-

bers, where intermolecular interference is constructive,
become accessible. In that velocity region, the inter-
molecular term dominates because of the prefactor
(N —2), i.e., the large number of scatterers involved.

The approximate model, Eq. (24), is useful also to esti-
mate and scale the values of the interference term S;„„,
for clusters of arbitrary size. Using k;„=co~/v, the
maximum value for the intermolecular interference S;„„,
becomes 0.64 (N —2)/r, &, and occurs at a velocity
v=0.7' r,&. These values agree very well with the re-

sults shown in Fig. 3.
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FIG. 4. Intermolecular interference term S;„„,for a random

hydrogen cluster of 100 molecules stopping in Al, as a function
of U/vF, for r,„=0(dashed), 3.8 a.u. (dotted), and 6.29 a.u. (solid
line). Target properties are modeled with Lindhard's dielectric
function.

a region of negative values of S;„„„i.e., destructive inter-
molecular interference in the immediate vicinity of each
molecule. A similar, but smaller, effect has been observed
experimentally using diatomic clusters [6,7]. A recent ex-
periment using larger clusters [20] shows clearly, similar
to the present study, a defect of stopping at low velocities
and an excess of stopping at high velocities. Figure 4
shows that the quantitative results will be more sensitive
to the short-range order in the cluster, represented here
by only one number r,„, in the intermediate range of ve-
locities than for higher velocities.

It is interesting to study the partitioning of energy
losses into individual and collective excitations, in partic-
ular with respect to the intra- and intermolecular in-
terference. Figure 5 shows all pertinent terms for a ran-
dom cluster of 13 Hz molecules. Consider first the
independent-particle contributions due to electron-hole
(S~ ") and plasmon (S ') excitation. At low velocities,

only the electron-hole mechanism is possible. There is a
threshold for plasrnon excitation, and for velocities above
this threshold both mechanisms give comparable contri-
butions to the stopping. This is known as the partition
rule [22,34].

For the intramolecular interference terms S,.„,"„and
S,„„,the behavior is quite different. At low velocities
electron-hole excitations give the main contribution,
while plasrnon excitation is not possible below the thresh-
old velocity. Comparison of the two curves for S' " and

S,' t"„shows that intramolecular interference of electron-

hole excitations is notable (more than 50%) at low veloci-
ties and is less pronounced at higher velocities. In-
trarnolecular interference of plasmon excitations, on the
other hand, gives the major portion at high velocities.
Note that the curve for SP„'„, is strikingly close to the
curve for S ': The intramolecular interference of
plasmons is constructive and almost complete. Obvious-

ly, the wavelengths of plasmons A=2nu, /co& are large

compared to the interatomic separation within an Hz
molecule.

The intermolecular interference terms S,„,"„and SP„'„„
in turn, show still another behavior. Almost all inter-
molecular interference is due to plasmon excitation alone,
while electron-hole excitations practically do not contrib-
ute in this case. Again, this is explained by the pertinent
characteristic wave numbers involved: Electron-hole ex-

citations have short wavelengths compared to the exten-
sions of the cluster.

%'e see in Fig. 5 that the partitioning of energy losses
at high velocities due to electron-hole excitations on the
one hand, and plasmon excitations on the other, is quite
different in the case of cluster stopping compared to pro-
ton stopping. Plasmon excitations play a more important
role in the case of cluster stopping because of pronounced
interference effects, which arise especially at high veloci-
ties. At intermediate velocities, the intermolecular in-

terference term due to plasmon excitation is found to be
negative, while all other terms are non-negative over the
entire velocity range.

0,2

00
Q.1

(A

Q.1

0 2 4 6 8 10

V/VF

-Q.1

0 2 4 6 8 10

v/v,

FIG. 5. Various contributions to the stopping power as a
function of velocity of a random hydrogen cluster of 13 mole-
cules, with r,„=6.29 a.u. The stopping medium is aluminum,
modeled by Lindhard's dielectric function.

FIG. 6. Intermolecular interference of plasmon excitations
for a random (dashed) and an ordered (solid line) hydrogen clus-
ter of 4 and 13 molecules. For the random cluster, it is

r,„=6.29 a.u. The stopping medium is aluminum, modeled by a
Lindhard dielectric function.
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An important question is the influence of the detailed
arrangement of molecules in the cluster on the stopping.
Evidently, this will only affect the intermolecular part,
and, based on Fig. 4, one would expect the influence to be
decreasing with increasing velocity. Figure 6 shows a
comparison of intermolecular interference for random
versus ordered clusters, as introduced in Sec. III, for two
clusters containing 4 and 13 Hz molecules. Only the
plasmon contribution is displayed, since electron-hole ex-
citations are, in this case, irrelevant, cf. Fig. 5. Very little
difference is observed between the two extreme models of
random and ordered clusters, having in mind that the
pertinent pair-correlation functions differ quite drastical-
ly, cf. Fig. 2. Note, however, that this result depends on
the choice of the exclusion radius for the random cluster.
In Fig. 6, r,„has been set to 6.29 a.u. , corresponding to
the value for the ordered cluster. We thus conclude that
while short-range order has a definite effect on c1uster
stopping (see Fig. 4), long-range order in the cluster
structure is much less important, at least for the case of
random orientation.

In Fig. 7(a) we show the total reduced stopping power
for clusters of 1, 4, 13, and 100 molecules, together with
the proton stopping power as a reference. With increas-
ing cluster size, one observes a gradual change from the
familiar single-maximum behavior to a more complex,
double-peaked shape, where the first maximum occurs at
the proton stopping-power maximum. The second max-
imum occurs at a somewhat higher velocity that depends
on cluster size. From the previous figures it is clear that
this feature is caused by intermolecular interference of
plasmon excitations. Unlike in Ref. [20], we do not ob-
serve a saturation with cluster size of the reduced stop-
ping power.

Finally, it may be of interest to estimate the effects of
Coulomb repulsion on cluster stopping. Rather than at-
tempting an elaborate model, we perform here an order-
of-magnitude estimate by comparing the previous results
with the predictions for an artificially expanded cluster,
as one would expect that the cluster will spread and
disperse after penetration in dense media. The details of
this spreading may be quite complex, and we will confine
our considerations to two simplified models, the one cor-
responding to a homogeneous, uniform expansion of the
entire cluster, and the other corresponding to an expan-
sion of the individual molecules only, keeping the relative
molecular positions unchanged. The latter model intends
to account for the inverse-square law of Coulomb forces.
The results in Fig. 7(a) correspond to the original values
of the intra- and intermolecular distances in stationary
hydrogen clusters, while the results in Figs. 7(b) and 7(c)
correspond to expanded clusters. In Fig. 7(b) all in-
tramolecular distances have been enlarged by a factor of
2, whereas all intermolecular distances are identical to
those of Fig. 7(a). The qualitative behavior is not affected
by this procedure; in particular, the large enhancement in
stopping at high velocities for the cluster of 100 Hz mole-
cules is fully reproduced. At velocities near the proton
stopping-power maximum, however, interference effects
become less pronounced for the expanded cluster.

Figure 7(c) shows the reduced cluster stopping for a
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uniformly expanded cluster: All intra- and internuclear
distances have been enlarged by a factor of 2. It is ob-
served that the interference effects are much weaker for
this expanded cluster. All curves for the reduced stop-
ping power fall close to the proton stopping power S .
This is consistent with the scaling argument given at the
end of Sec. V. Accordingly, the maximum value for the

FIG. 7. Total reduced cluster stopping power as a function of
velocity for a random hydrogen cluster of 1, 4, 13, and 100 rnol-

ecules, with r,„=6.29 a.u., together with the proton stopping
power as a reference. The stopping medium is aluminum,
modeled by Lindhard's dielectric function. The curves (a) show
the original-size cluster referred to above; (c) the cluster is ex-

panded homogeneously, i.e., all lengths are stretched by a factor
of 2. (b) The intramolecular separations are stretched by a fac-
tor of 2, while the intermolecular distances are the same.
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term S;„„,is proportional to I lr, ~, i.e., is reduced by a
factor of 4 for the expanded cluster. Also, this maximum
occurs at a velocity proportional to r„, hence the max-

imum for the cluster of 100 molecules seen at the high-
velocity end of Fig. 7(a} is shifted to velocities beyond the
range of Fig. 7(c).

V. CONCLUSIONS

We have presented calculations of the stopping power
of large hydrogen clusters penetrating an aluminum tar-
get. Our results concern, on the one hand, the influence
of the cluster structure on the stopping power, and on the
other, the partitioning of the energy loss among the vari-
ous possible modes of excitation and interference.

It is found that the detailed spatial distribution of nu-
clei in the cluster has surprisingly little influence on the
stopping power. However, effects of short-range order
such as the molecular structure and a distance of ex-
clusion around each atom are clearly visible. Long-range
order effects are not observed in a comparison of random
versus ordered-cluster stopping powers, at least not for
random cluster orientation, as assumed in all our calcula-
tions. We conclude that a random spherical cluster mod-
el, as presented in Sec. IIIA, may serve as a sufficient
model to calculate cluster stopping powers.

Interference effects may be classified into intra- and in-
termolecular effects, and for an aluminum target they
may be subdivided further into electron-hole and
plasmon excitations. Electron-hole excitations are of
minor importance for intramolecular interference (except
at low velocities) and are totally insignificant for inter-
molecular interference. This is not unexpected since
electron-hole excitations may take place within a wide
band of wave numbers, thus there occur a whole range of
Fourier components which, in part, tend to cancel.
Plasmon excitations, on the other hand, exhibit strong in-
terference effects since the associated wavelengths match
with the interatomic distances. In the intramolecular
case interference is constructive and nearly complete,
whereas in the intermolecular case it may be destructive
or constructive, depending on velocity. Either way, in-
termolecular interference due to plasmon excitations is a
very pronounced effect for large clusters because of the
large number of excitation centers participating. In gen-
eral, the partitioning of electron-hole and plasmon excita-
tions in the case of a cluster projectile is substantially
different from the behavior of a point charge projectile.

The question arises whether the penetration of clusters
containing up to 100 molecules may still be treated
within the linear-response picture, i.e., first-order pertur-
bation theory. This scheme is a good approximation as
long as multiple excitations are negligible. In the cluster
frame of reference, this means that target electrons may
undergo no more than one collision during their passage
of the cluster. A rough estimate shows that the transport
mean-free path for electrons moving with v=1 a.u. in
solid hydrogen of density 0.627X10 a.u. is amund 30
a.u. and is increasing very steeply with increasing veloci-
ty. From this one would conclude that multiple collisions
with notable deflection of an electron penetrating a clus-

ter of even 100 H2 molecules should be a rare event at ve-

locities v ~ 1 a.u. , hence validating the linear-response as-
sumption. This simple argument, however, hinges upon
the independence of two subsequent collisions (loss of
phase) and may thus have to be modified in the present
context, particularly in view of the strong interference
effects encountered here.

The gross features of the cluster effect on stopping, i.e.,
a defect of stopping at low velocities and an excess at
high velocities, is in qualitative agreement with recent ex-
periments [20].
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APPENDIX

The plasmon-pole approximation Eq. (21} facilitiates
the integration in Eq. (6}over co,

Q) k

Sci=NZ 2
F k

min

(Al)

with the integration limits k;„and k,„given by the
two positive solutions of the equation cok=kv, cf. Eq.
(22),

(A2)

+(E—2) 3
sin( kr,

~
)
—kr, icos(kr, ~

)

k r cl

(A3)

where the second term on the right-hand side stems from
the intramolecular correlation Eq. (12), while the last one
is due to the intermolecular part Eq. (16). Note that the
latter term is non-negative, hence the intermolecular in-
terference will never be destructive for this particular
case of a random cluster with r,„=0. This result is valid
independently of the specific dielectric function used.

In view of Eq. (A3), the remaining integration in Eq.
(Al) may also be carried out analytically. Splitting the
result as in Eq. (20), one gets

2
~p k max5= ln

min

(A4a)

Then, the integration in Eq. (7) may be performed in
closed form for r,„=0,and the structure factor becomes

sin(kr,
&

)
F(k)=1+

«mot
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sin( k,„r,&
) sin( k;„r,~

)+
kmaxrmol kmin rmol

(A4b)

defined as

x —6x +48 x —2x —48
H(x ) = coax — sinxx' x'

18x +48
(A5)

COp

S;„„,=(N —2) [H(2k,„r„)—H(2k, „r„)].
U

(A4c)

Here, Ci(x) denotes the cosine integral [35] and H(x) is

An expression similar to the intramolecular term S;„„,in
Eq. (A4b) has been derived for diclusters in an earlier
work [4,21] by two of us.
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