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Abstract

We have performed computer simulations of the trajectory followed by each proton resulting from the dissociation

of H�2 molecules when traversing a thin solid target. We use the dielectric formalism to describe the forces due to

electronic excitations in the medium, and we also consider the Coulomb repulsion between the pair of protons. Nuclear

collisions with target nuclei are incorporated through a Monte Carlo code and the e�ect of the coherent scattering is

taken into account by means of an e�ective force model. The distributions of exit angle, energy loss and internuclear

separations of the protons fragments are discussed for the case of amorphous carbon and aluminum targets. Ó 2000

Elsevier Science B.V. All rights reserved.

1. Introduction

When a hydrogen molecular ion bombards a
solid it is fragmented into its constituents, which
travel in correlated motion inside the target. Many
interesting phenomena and applications are relat-
ed to the manner in which energy is deposited in
the solid by these correlated protons, which is
di�erent from the energy deposited when the same
protons are uncorrelated [1,2]. Some of these dif-
ferences can be described in terms of the wake
potential [3,4] accompanying a charged projectile
inside a solid, in such a manner that each proton

not only feels its self-induced retarding force, but
also the wake force produced by its partner pro-
ton. Several works have been devoted to study the
consequences of this so-called vicinage e�ect in the
motion of the correlated protons resulting from
the dissociation of molecular ions, as compared to
the case of single protons [1,5±11].

The purpose of this work is to analyze the
distributions in exit angle, energy loss and inter-
nuclear distances of the protons resulting from the
dissociation of fast H�2 molecular ions when tra-
versing targets of di�erent materials, such as
amorphous carbon and aluminum.

The organization of this paper is the following:
in Section 2 we present brie¯y the basis of our
computer simulations, whose results are discussed
in Section 3; ®nally, a summary and the conclu-
sions are presented in Section 4.
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2. Model

When a fast H�2 ion enters a solid, its binding
electron is stripped o� in the ®rst atomic layers;
this results in the motion through the solid of two
protons in a correlated way. We have done a
computer simulation that follows in a realistic
manner the motion of these protons, whose coor-
dinates and velocities are obtained as a function of
the time. Then it is possible to know the exit angle
and the relative position of the proton fragments
when they leave the target, and the energy spec-
trum when reaching the detector.

Before entering the target, the H�2 ion is char-
acterised by two parameters: the initial internu-
clear distance d0 and the angle b between the
internuclear vector and the initial direction of
motion. In our simulations these parameters are
chosen trying to reproduce standard experimental
situations. The angle b is randomly distributed and
the distance d0 is chosen according to the popu-
lation of vibrational states of the H�2 molecule
[1,12,13]. After the dissociation of the H�2 ion, each
of the two protons is subjected to the following
interactions during their motion inside the stop-
ping medium: (i) the self-retarding force (usually
known as stopping power) due to the electric po-
tential induced in the medium by its passage, (ii)
the interference force induced in the medium by its
partner proton, (iii) the Coulomb repulsion with
its partner, and (iv) the nuclear collisions with the
target atoms. With these ingredients, the positions
and velocities of both protons are calculated at
each time step solving numerically their coupled
equations of motion. In the following, atomic
units are used, except when otherwise stated.

The dielectric formalism [4] was used to de-
scribe the self-retarding and the interference forc-
es; ¯uctuations in the electronic energy loss were
also taken into account choosing the self-retarding
force from a gaussian distribution centred in the
stopping power corresponding to the instanta-
neous velocity of the proton, and with a width
related to the energy loss straggling. Moreover, as
each proton slows down along its trajectory, the
velocity dependence of the corresponding self-re-
tarding force is also taken into account. The
properties of the stopping medium are contained

in its energy loss function, which is properly
described [4,14] through a ®tting of available ex-
perimental data by a linear combination of Mer-
min-type [15] energy loss functions; for the low
and high values of the excitation spectrum we have
used the experimental energy loss functions ([16]
for carbon and [17] for aluminum) and the X-ray
scattering factors [18], respectively. The inclusion
of the higher excitation energies in our description
has a minor contribution to the self-retarding force
and is negligible in the wake force. In Fig. 1 we
depict the electric ®eld induced by a proton mov-
ing with velocity v � 5 a.u. through amorphous
carbon or aluminum; z and q are the coordinates
relative to the position of the proton, parallel and
perpendicular, respectively, to its velocity. The
self-retarding force is obtained from the electric
®eld at the position of the proton, �z; q� � �0; 0�.
The magnitude and direction of the interference
force depend on the relative position of both
protons. This force has a tendency to align the
internuclear axis of both protons with the direc-
tion of motion; this e�ect is more pronounced in
the backward direction and so the trailing proton
is more a�ected by the interference force. For the
projectile velocity represented in Fig. 1, the

Fig. 1. Electric ®eld induced in the medium by a proton moving

with velocity v � 5 a.u. through an amorphous carbon or an

aluminum target. The proton, indicated by a black circle at the

coordinates �z; q� � �0; 0�, is moving in the positive z direction.
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alignment tendency is larger in amorphous carbon
than in aluminum.

The mutual repulsion of both protons was
modeled with a Coulombic interaction and the
nuclear collisions of the protons with the target
atoms were incorporated through a Monte Carlo
model [19], where the universal potential cross-
section [20] was used to calculate the scattering
angles and the corresponding nuclear energy loss.
The e�ect of the coherent scattering [21,22] is
taken into account with an e�ective force model.
In this model [21], the coherent scattering is re-
placed by a force that only depends on the per-
pendicular component q of the internuclear
separation, which tends to align the internuclear
vector with the velocity and has the approximate
form

Fcoh�q� � ÿpNZ2 � q if q6 2qmin;
4q2

min=q if q P 2qmin;

�
�1�

where Z2 is the atomic number of the target atoms,
N the target atomic density and qmin a quantity
depending on the velocity of the projectile and the
target thickness, de®ned in [21].

Finally, after the protons leave the target, we
calculate their asymptotic velocities and coordi-
nates as a result of a pure Coulomb repulsion in
the vacuum until they arrive at the detector.

3. Results

The possibility to incorporate or remove in our
simulations each one of the interactions mentioned
in the previous section helps to understand their
di�erent e�ects in the exit angle and energy loss
distributions. In Fig. 2 we show the joint distri-
bution of exit angle and energy loss of the frag-
ment protons resulting from a H�2 ion incident
with velocity v � 5 a.u. on a 150 a.u.-thick amor-
phous carbon or aluminum target. In the follow-
ing, a label without (with) a prime corresponds to
an amorphous carbon (aluminum) target. The
contribution of the Coulomb explosion is repre-
sented in Fig. 2(a), and it is identical for both
targets. In Fig. 2(b) and (b0) we have also added
the interference e�ects due to the electronic exci-

tations (wake forces) induced in the solid by the
partner proton. The e�ect of the nuclear collisions
was incorporated in Fig. 2(c) and (c0). The coher-
ent scattering is included in Fig. 2(d) and (d0) and
®nally in Fig. 2(e) and (e0) we have added the
contribution of the self-retarding force. These ®nal
pictures contain the contributions of all the inter-
actions together.

The constant intensity and ring-shaped distri-
bution of exit angle and energy loss (Fig. 2(a)) is
typical of situations [8] in which there is only
Coulomb explosion. Basically, the Coulomb ex-
plosion accelerates the leading proton and decel-
erates the trailing one; however, this e�ect is
symmetric, and the energy gained by one proton is
compensated by the energy lost by its partner, so
that the mean energy loss is equal to zero.

The addition of the interference e�ects, seen in
Fig. 2(b) and (b0), produces two asymmetrical
peaks in the distribution at zero angle. These two
peaks correspond to fragments of the H�2 molecule
whose internuclear vector becomes aligned with
the velocity direction. The higher peak comes from
the trailing protons that were aligned by the wake
force of the leading ones. Due to the asymmetry of
the wake potential, this e�ect contributes to a
minor extent to the alignment of the leading pro-
tons, which produce a lower peak. The mean en-
ergy loss in this case is not zero due mainly to the
accumulation of trailing protons at zero angle.

Fig. 2(c) and (c0) shows a broadening of the
angular distribution and a partial frustration of
the previous alignment tendency, which is caused
by the additional inclusion of the nuclear scatter-
ing processes. The di�erence between the intensity
of the two peaks at zero angle diminishes, and the
mean energy loss at zero angle is reduced com-
pared with Fig. 2(b) and (b0). The inclusion of the
coherent scattering in Fig. 2(d) and (d0) does not
change very much the shape of the distributions.
The force, Fcoh, considered here for this e�ect tends
to align the internuclear vector with the velocity
and so it contributes to both peaks appearing at
zero angle. However, for the cases considered here,
this force is one order of magnitude lower than the
wake force. Moreover, it may be shown that the
coherence scattering e�ect is e�ective only for
small values of q (nearly aligned particles). For

312 R. Garcia-Molina et al. / Nucl. Instr. and Meth. in Phys. Res. B 164±165 (2000) 310±317



this reason the coherent scattering only represents
a small perturbation to the major e�ect of the
wake. The incorporation of the self-retarding force
shown in Fig. 2(e) and (e0) only shifts the energy
loss scale in a value equal to the energy loss of an

individual proton, without changing the shape of
the distribution.

We compare in Fig. 3 the energy loss distribu-
tions at zero angle, for amorphous and aluminum
targets, in terms of the di�erent interactions that

Fig. 2. Joint distribution of exit angle and energy loss of the protons resulting from the dissociation of H�2 molecular ions with v � 5

a.u. when traversing an amorphous carbon or an aluminum target, with thicknesses of 150 a.u. In (a) only the Coulomb explosion was

considered. The following interactions were taken into account in the other cases: (b and b0) Coulomb explosion and interference

e�ects; (c and c0) Coulomb explosion, interference e�ects and nuclear scattering; (d and d0) Coulomb explosion, interference e�ects,

nuclear scattering and coherent scattering; (e and e0) all the interactions together, including the individual stopping power. A label

without (with) a prime corresponds to an amorphous carbon (aluminum) target.
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participate during the passage of the protons
through the solid. The results shown correspond to
the case of a v � 5 a.u. H�2 ion beam bombarding a
150 a.u.-thick foil. Coulomb explosion gives the
same symmetric spectrum for carbon and alumi-
num. This symmetry is broken by the inclusion of
the interference force and two asymmetrical peaks
appear corresponding to the leading and trailing
protons. This di�erence between the peaks is more
pronounced in amorphous carbon because the
electric ®eld induced by a proton in this material

has a greater tendency than in aluminum to align
the internuclear axis with the velocity. The inclu-
sion of the nuclear scattering reduces the asym-
metry between both peaks. This e�ect is more
pronounced in aluminum due to the stronger in-
teratomic force of these atoms compared with the
carbon atoms. Also nuclear scattering allows a
fraction of particles to appear at zero angle and
with very small DE producing a small central peak,
which is more noticeable in aluminum. The in-
clusion of the coherent scattering enlarges both
peaks but this is a rather small e�ect. Finally a net
energy shift is produced by the inclusion of the
self-retarding force and also a small broadening of
the peaks due to the electronic energy loss strag-
gling. This shift in energy loss is almost the same in
carbon and aluminum because the stopping power
at the velocity we are discussing practically coin-
cides for both materials [4].

Fig. 4 shows the mean energy loss of the proton
fragments, normalized to the mean energy loss at
zero angle, as a function of their exit angle. The
results correspond to the cases of three di�erent
projectile velocities (v � 1, 2 and 5 a.u.) and two
di�erent targets (amorphous carbon and alumi-
num) with the same thickness of 150 a.u. The mean
energy loss as a function of the exit angle shows

Fig. 4. Mean energy loss as a function of the exit angle, of the

protons resulting from the dissociation of a H�2 ion in amor-

phous carbon (thick lines) and aluminum (thin lines) targets of

150 a.u. thickness: v � 1 a.u. (� � �), v � 2 a.u. (Ð) and v � 5 a.u.

(ÿ � ÿ). The energy loss axis is normalized with the energy loss

at zero exit angle.

Fig. 3. Contributions of the di�erent interactions to the energy

loss distribution of protons at zero exit angle from a 150 a.u.-

thick target bombarded with H�2 of v � 5 a.u. (a) amorphous

carbon target and (b) aluminum target. Only Coulomb explo-

sion is considered (� � �). Coulomb explosion and interference

e�ects (ÿÿÿ). Coulomb explosion, interference e�ects and

nuclear scattering (ÿ � ÿ). Coulomb explosion, interference ef-

fects, nuclear scattering and coherent scattering (ÿ � �ÿ). All the

interactions together: Coulomb explosion, interference e�ects,

nuclear scattering, coherent scattering and self-retarding force

(Ð).
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the same trends for both targets. For all the ve-
locities analyzed, it decreases with the angle until it
reaches a minimum. The explanation lies in the
number of trailing protons accumulated at zero
angle, which displaces the mean energy loss to-
wards the trailing peak. The growth of the mean
energy loss with the exit angle, after the minimum
value is reached, can be understood by the increase
in the e�ective pathlength travelled by the protons.
When the projectile velocity decreases, our calcu-
lations tend to the same behavior than recent re-
sults [23] reporting that the mean energy loss of the
fragment protons increases with the exit angle,
which is what should be expected for large dwell

times (as is the case in Ref. [23]). Our results show
that for short dwell times (when the internuclear
separation is not very large) the wake e�ects are
important in the mean energy loss of the fragment
protons as a function of the exit angle, but these
e�ects are negligible for large dwell times due to
the path length increase for the more and more
separated fragments.

The evolution of the internuclear distance dis-
tribution corresponding to pairs of protons at the
exit of the amorphous carbon and aluminum foils
is shown in Fig. 5 for several incident velocities
and foil thicknesses. As a general trend, it is
observed that the proportion of internuclear

Fig. 5. Internuclear distance distributions of the fragment protons at the exit of an amorphous carbon (Ð) or aluminum (� � �) target, for

the thicknesses and velocities indicated in the ®gure. The thin bars represent the initial internuclear distance distribution.

R. Garcia-Molina et al. / Nucl. Instr. and Meth. in Phys. Res. B 164±165 (2000) 310±317 315



distances that falls within the initial distribution
(indicated by a histogram with thin bars) is larger
for the thinner foils and for the faster beams, be-
cause in these cases the dwell time is small enough
and the proton fragments have almost no time to
modify their relative positions. As the dwell time
increases (for slower projectiles or thicker targets)
the distribution of internuclear separations
broadens and only a small portion of distances
coincides with the initial distribution. Assuming
that the transmission probability of the H�2 mole-
cule is proportional to the intersection between the
initial and ®nal distributions of internuclear dis-
tances, we ®nd a qualitative agreement with pre-
vious experimental results for the transmitted
fraction of molecular ions [7], although more de-
tailed predictions should involve the distribution
of relative velocities and the electron capture
probability at the exit. In general, the internuclear
distance distributions are similar for carbon and
aluminum targets. The larger pathlengths travelled
by the protons in aluminum, due to the nuclear
scattering, permits internuclear separations that
are slightly larger in this material.

4. Summary and conclusions

We have performed computer simulations of
the distributions in exit angle, energy loss and in-
ternuclear distances of the protons dissociated
from fast H�2 molecular ions, when they move
through amorphous carbon and aluminum foils.
The trajectory of each proton has been calculated
solving numerically the corresponding equation of
motion, taking into account the following inter-
actions: (i) the Coulomb explosion between both
protons; (ii) the interference e�ects due to the
electronic excitation induced in the material by
the partner proton; (iii) the nuclear collisions with
the target nuclei; (iv) the coherent scattering, and
(v) the self-retarding force.

The results we have obtained have been inter-
preted in terms of the di�erent contributions of the
above mentioned interactions. The distinct char-
acteristics of the targets (amorphous carbon and
aluminum) allows to understand the di�erent

behavior of the calculated distributions for both
materials.
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