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Interaction of hydrogen H„+clusters with thin carbon foils
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A Monte Carlo computer program was developed to calculate the angular distribution of fragments
resulting from the breakup of fast hydrogen clusters H„+when traversing thin amorphous carbon foils.
The three-dimensional relative coordinates of each proton in the cluster are given as input. The code be-
gins with a generation of a random orientation of clusters. Next, the foil is divided into slabs and the
effects of Coulomb explosion, multiple scattering, and energy loss on each fragment are calculated for
successive slabs. The distributions of separations and relative velocities at the exit surface as well as the
angular distributions of fragments are then obtained. Therefore, the cluster-stopping-power ratio is
given. The use of the code is illustrated in the case of 30-, 40-, 60-, and 80-keV/p clusters, with n =2, 3 to
21 odd, impinging on a 2-pg/cm carbon foil, where experimental results are available.

PACS number(s): 34.10.+x, 34.50.Bw, 36.40.+d

I. INTRODUCTION

The penetration of clusters with energies ranging from
25 keV/atom to a few MeV/atom has received consider-
able interest in connection with charge-exchange process-
es, convoy-electron, secondary-electron production in
ion-solid interactions, etc. %hile the interaction of atom-
ic particles with solid matter has been studied in great de-
tail, the study of cluster interactions is still in its initial
phase. Hydrogen clusters are of special interest, for both
the experimental and the theoretical point of view, be-
cause of their relative simplicity. In recent works [1,2]
we have reported on measurements of angular distribu-
tions of hydrogen fragments resulting from the dissocia-
tion of fast H„+clusters (n ~21,odd) in a carbon foil.
The proximity effects on the fragment neutralization has
accordingly been investigated. These results have
motivated the development of a Monte Carlo computer
routine to allow a quantitative treatment of the different
processes involved in the interaction of the cluster with
the solid. In the attempt to interpret this increasing
number of experimental results already available, and
looking for the possibilities that will be opened with fas-
ter clusters [3], it is necessary to analyze the implications
of models currently employed for molecular ions [4—6],
and to consider more complex situations. Otherwise, as
the complexity of calculations increases, the difficulties of
analytical methods tend to rise more sharply than those
of numerical methods. Monte Carlo simulation is a nu-
merical method that is very well suited to the kind of sit-
uation that we are dealing with, i.e., Coulomb explosion,
classical trajectories, etc.

es such as multiple scattering, the history of 1000-10000
cluster ions is calculated. Our model assumes the follow-
ing sequence of events.

(i) The incident H„+cluster with a known structure is
initially randomly oriented relative to the incident beam
direction. The cluster is assumed to dissociate upon con-
tact with the foil. Bombarding clusters are assumed to be
three-dimensional with a structure calculated by ab initio
methods.

(ii) The motion of the fragments inside the solid is
treated classically. The foil is divided into a large num-
ber of thin parallel slabs. The program treats the nuclear
scattering in each slab as a single event where each clus-
ter fragment can change direction and then proceeds on
its way until the next collision. From the nth to the
(n+1)th slab, the calculation of the particle trajectories
takes into account the electronic energy loss, the
influence of the superposed wake potentials, and the
screened Coulomb explosion. The process is repeated n
times until the fragments reach the exit surface of the
foil. Then, all interesting parameters such as the internu-
clear separation R; between the protons i and j, the ve-

locity v, and the flight directions of each fragment are
stored. A large number of cluster ions are followed
through the foil according to this procedure. Distribu-
tions of interatomic separation and relative velocities are
then obtained in the form of histograms. In the following
paragraphs we will describe the assumptions made in the
calculations.

A. Initial structure and orientations of the H„+
cluster ions

II. THE MONTE CARLO ROUTINE

A computer program based on a Monte Carlo pro-
cedure has been developed to evaluate the trajectories of
a molecular-projectile ion inside the solid. To obtain con-
clusive results in view of the statistical nature of process-

The three-dimensional structures of the incident clus-
ter ions have been calculated by ab initio methods [7,8].
Using triple-zeta-plus-polarization basis sets, self-
consistent-field calculations have been carried out for
H„+,n =2—21, odd. Initial relative velocities of protons
in the cluster are ignored. This will be discussed later. In

45 179 1992 The American Physical Society



180 M. FARIZON et al. 45

all cases we assume a random distribution of the initial
orientation of the cluster structure.

e(k, co). A general expression for the energy loss per unit
time of such a cluster in this medium is given by

B. Coulomb explosion

When a cluster penetrates into a solid it loses its bind-
ing electrons after a few atomic layers. Then the cluster
fragments repel each other by their mutual Coulomb
repulsion ("Coulomb explosion" ). The repulsion starts
with the bond length R; of the protons of the cluster
which are R; =0.89, 1.66,0.75 A in the case of the H9+
ion, for example [7]. The interacting electrons inside the
solid can be treated as a free-electron gas and we assume
that the potential V& between two fragments i and j of
the cluster is exponentially screened with a screening
length a =v /co& [g]. Here v is the projectile velocity and
co the plasma frequency of the solid. We also assume a
charge-exchange equilibration in the foil and we use the
concept of an "effective charge" discussed by Brandt [9].
The effective charge Z,s has been taken from Ref. [10].
It is assumed that the Z,z of each fragment is the same as
in the atomic case. The effect of this "explosion" is ob-
tained by numerically integrating the classical equations
of motion between scattering events. For a given target
thickness x the "Coulomb explosion" results in constant
internuclear separations at the exit of the foil. When
multiple scattering is included one obtains a distribution
F(R,

~ ) of internuclear separations.

C. Nuclear scattering

The predominant effect of the scattering of the frag-
ments by target nuclei as they traverse the foil is to cause
a change in direction. Nuclear scattering also causes a
small energy loss. The scattering cross section resulting
from a Thomas-Fermi-type screened Coulomb potential
[9] is used for the calculation of these effects. The polar
scattering angles are chosen from distributions derived
from this cross section. The azimuthal scattering angle is
randomly distributed in the 2m interval. The scattering
cross section is assumed to be constant for the total flight
path of the cluster ion. The change in the energy-
dependent cross section caused by the energy loss inside
the foil is not taken into account. Test calculations of the
multiple-scattering distributions are in good agreement
with values tabulated in Ref. [11]. We assume that the
fragments of a cluster are independent with respect to the
nuclear scattering [12].

D. Energy loss —wake potential

Interactions between a projectile ion and a target result
in energy loss of the ion. At intermediate projectile ener-

gy (25 keV/p ~E ~ 100 keV/p), the excitations and ion-
izations induced in the target affect mostly the very loose-
ly bound valence electrons. Thus it is possible to describe
the medium of the interacting electrons like a free-
electron gas with a dielectric function e [13,14].

Let us consider a cluster of X charges Z, and relative
positions R," moving with nonrelativistic velocity v in a
material medium of longitudinal dielectric constant

dH —e d3~ k-v —1
Im2' k e(k, k.v )

X gZ, + g Z, Z, cos(k.R, )
i i(Wj )

where the terms with i =j give the energy loss of totally
independent charges and the terms with i Aj represent in-
terference effects on the energy loss due to the simultane-
ous perturbation of the medium by the charges in corre-
lated motion. For the present calculations the dielectric
function e is

2 2 2
h2k4

e(k, co)=1+co P k + co(co—+iy)

The constant P=( —', )' vF describes the propagation of
density distortions in an electron gas, UF is the Fermi ve-

locity of electrons in the medium, and y is the damping.
The charges Z, and Z are assumed to be the effective
charge used in the "Coulomb explosion" calculation.
Due to the amount of computer time involved in such
calculation, the energy loss is not included in all the cal-
culations of the velocities and distances distributions.
The energy-loss effect on the full width at half maximum
(FWHM) of the velocity distributions calculated with
H„+clusters at 60 keV/p is about 3%.

III. RESULTS

In previous publications [1,2] we have reported on
measurements of angular distributions of hydrogen frag-
ments resulting from the dissociation of fast H„+clusters
(n =2 to 21, odd) in a carbon foil. The proximity effects
have been investigated for beam velocities above the Bohr
velocity and it had been observed at a given velocity that
the angular width "saturates" at n ~ 5. The angular dis-
tribution reflects mainly the combined effects of multiple
scattering and screened Coulomb explosion in the foil
since it is quite reasonable to assume that the repulsion in
vacuum of a neutral fragment with either other protons
or neutral fragments is negligible. As an illustration we
show in Fig. 1 the angular distributions of the H frag-
ments resulting from the dissociation of 10 H9+ clusters
(60 keV/p ) in a carbon foil of thickness 2 pg/cm . The
solid curve and the points represent the angular distribu-
tions obtained by computation and experiment, respec-
tively. Our calculation reproduces quantitatively the ex-
perimental results.

In Fig. 2 the variation of the FWHM of the angular
distribution of neutrals H emerging from a carbon foil
(2 pg/cm ) as a function of the mass number n of the in-
cident clusters is presented for various projectile veloci-
ties. The dark points and open points represent experi-
mental and calculated results, respectively. A good
agreement is observed for n ~5. Nevertheless, for the
case of H2+ and H, + incident ions, the computed values
are too large. As the calculation is good for the proton
case (n =1), this overestimated effect comes from the



45 INTERACTION OF HYDROGEN H„+CLUSTERS %'ITH THIN. . . 181

H 9 60 kev/p
2 p, g.CITl

Q

I I

-10 ~ Q

Angle (rad)

FIG. 1. Angular distribution of emerging fragments resulting
from the collision of 60-keV/p H9+ clusters with a 2-pg/cm
carbon foil. The filled circles are measurements from Ref. [1].
The solid line is the result of Monte Carlo calculations.

Coulomb explosion calculation which is strongly depen-
dent on the initial internuclear distances in the cluster.

Indeed, a central part of the analysis of such experi-
ments is the knowledge of the distribution of internuclear
separations of the clusters in the incident beam. For ex-
ample, it has been shown that HeH+ ions produced in a
rf source were vibrationally "hotter" than those pro-
duced in a duoplasmatron source [15]. In our case, the

repulsion calculation starts with the bond lengths R; of
the cluster being calculated by an ab initio method.
These internuclear separations are R + =0.85 A and

H3

R + =0.65 A. Let the values R; for H3+ and H2+
"2

cases have a probability distribution D(R; ) which de-

pends on the population of the various vibronic states of
the projectile [15]. To fit the data, the only adjustable pa-
rameters are the most probable value of R,- and the stan-
dard deviation o; of the distribution D(R;/) assumed
here to be Gaussian. At 60-keV/p energy, the best fit is
obtained for R + = 1.2 A with 0 + =0.2 A and

H3 H3

R + =1.3 A with o +=0.4 A (see Fig. 3). A good
2 2

agreement with the experimental data is also obtained
with these initial-distance distributions at the other ener-
gies (Fig. 3).

The results concerning cluster mass numbers higher
than 3 are quantitatively in good agreement with the ini-
tial bond lengths calculated by ab initio method. This
means that the bombarding clusters are in such vibration-
al states that the vibrations both of the H3+ core and of
the H2 sub units are not involved. Hydrogen-cluster
structure is a nucleation of H2 molecules around a H3+
core and these clusters are weakly bound. Even if clus-
ters with a H3 core and H2 subunits in a high vibration-
al state are produced in the cluster ion source, these re-
sults show that most of them must have dissociated be-
fore the mass analysis of the beam (the time of Aight be-
tween the cluster source and the beam analyzer is about 3
ps). We have also calculated the FWHM of the distribu-
tion of the fragments after dissociation of H2 molecules at
60 keV/p with an initial structure obtained by the ab ini-
tio method. We have obtained a FWHM of 1.17' which
is close to the H3+ value (1.31') but smaller. Concerning
the clusters, the ratio of the number of protons in a H2
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FIG. 2. Variation with the cluster mass number n of the
FWHM of the angular distribution of H atoms emerging from
a 2-pg/cm carbon foil at a velocity of 60 keV/p. The open
symbols correspond to calculated results. The filled symbols
correspond to experimental results.

FIG. 3. Variation with the cluster mass number n of the
FTHM of the angular distribution of H atoms emerging from
a 2-pg/cm carbon foil for various projectile velocities. The
open symbols correspond to calculated results. The filled sym-
bols correspond to experimental results.
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subunit to the number of protons in the H3+ core grows
fast with the size of the cluster. So, one could expect a
decrease of the FWHM of the fragment distribution with
the increase of the cluster size until one reaches the H2
value. The experimental data and the calculated results
show that the FWHM value does not change significantly
from n =5 to 21. This shows that, even if the H3+ core
and the H2 subunits are not very closed, the H3+ core in-
creases the repulsion between the protons of the H2 sub-
units.

We can also predict the cluster-stopping-power ratio
for various mass numbers. Due to the increasing com-
puter time, we did not perform the calculation of the
cluster-stopping-power ratio for mass numbers greater
than 9 and have neglected the energy straggling.
Kemmler et al. [6] have shown that, for Nz+ ions at en-
ergies between 25 and 100 keV/amu on a carbon target,
the cluster-stopping-power ratio increases by less than
10% when including energy straggling. Figure 4
presents the calculated cluster-stopping-power ratio R,
for H„+ions on a 2-)Mg/cm carbon target at 60 keV/p
velocity for various mass numbers (n =2, 3 to 9, odd).
The H2+ experimental results of Eckart et al. [16] are
also presented in Fig. 4. This result was obtained with
H2+ ions at 60 keV/p with a 3-pg/cm carbon foil. One
notes that the results of Eckart et al. are a little bit below
our results, as expected, since the target used is thicker.
It is interesting to note that at the velocity studied
(greater than Bohr velocity), the stopping power ratio is
larger than one and "saturates" for n ~5 mass number.
The stopping power obtained with cluster beams at 60
keV/p impinging on a 2-pg/cm carbon foil is about 20%

H2 Carbon+ H Carbon9

I
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I I I I

H 3 Carbon+ H15 Carbon

greater than the proton case. As for the angular distribu-
tion results, a saturation effect should be observed due to
the structure of the incident cluster ions at the entrance
of the target, i.e., the small distances between the protons
at the entrance of the foil.

Computed internuclear separation distributions at the
exit of the foil for incident H„+( n =2, 3 to 21, odd) at an
energy of 60 keV/proton and for C foils of thickness 2
pg/cm are presented in Fig. 5. We have also computed
the internuclear-separation distribution resulting from
the traversal of 0.2 MeV/proton H2+ ions through 6-
)ttg/cm carbon foils and our results are in good agree-
ment with the Schectman results [4]. In Fig. 5 each dis-
tribution presents various typical distances R; which are
representative of small and large distances between atoms
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F&G. 4. Stopping power ratio R z
= [dE(H„+) /dx ] /

ndE(H+)/dx] resulting from the passage of 60-keV/p H„+
(clusters (n =2, 3 to 9, odd) through a 2-pg/cm carbon foil as a
function of the cluster mass number. The filled symbols corre-
spond to the calculated results. The open symbol corresponds
to the experimental value obtained by Eckardt et al. [16].
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FIG. 5. Calculated internuclear separation distributions
F(R;, ) resulting from the passage of 60-keV/p H„+clusters
(n =2, 3 to 21, odd) through 1 2-pg/crn carbon foil.
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IV. CONCLUSION

:P

FIG. 6. The initial structure of the H5+ cluster. The dotted
lines correspond to the small distances and the solid lines corre-
spond to the large distances.

in the incident cluster. For example, in Fig. 6, the Hs
structure corresponding to the bond lengths R i =0.99 A,
R2 =0.81 A, D =1.25 A, and P =0.77 A is represented.
Due to multiple scattering, at the exit surface only two
peaks in the distance distribution are observed. These
two peaks are representative of the smaller distances and
the larger distances corresponding to the dotted lines and
the solid lines in Fig. 6, respectively. These results are at
the root of the interpretation of the collective effect ob-
served on charge exchange which is connected to the dis-
tances between the fragments at the exit of the foil.

The interaction of three-dimensional hydrogen clusters
with thin carbon targets has been simulated at incident
energies of 30—80 keV/p for various mass numbers of the
incident clusters. Due to the weakly bound states of the
hydrogen clusters, in experiments where the analysis of
the fast ionic clusters is done far from the source, the in-
cident ions reach the foil in low vibrational states. Our
results show that the effects observed with ionic hydrogen
cluster beams are of the same magnitude as the effects
which would be obtained with molecular beams of H3+
and H2 in their fundamental state. We have also studied
the cluster stopping power at velocities greater than the
Bohr velocity. We have obtained an enhancement with
respect to the proton case with the increase of the cluster
size, but this effect does not change significantly from
n =5 to 9. Our simulation can also give the distances be-
tween the fragments at the exit of the foil and is an im-
portant tool for building a model on charge-exchange
processes with cluster ions.
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