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The electronic stopping power of amorphous carbon targets for H] and Hj molecular beams has
been analysed within the framework of the dielectric formalism. Coulomb explosion between the
partners of the molecule has been taken into account to evaluate the average stopping power ratio
during the dwell time. The charge state of the fragments is assumed fully stripped. Analysis and
comparison of the calculated stopping power ratio with experimental data show a reasonable
agreement.

1. Introduction

Experimental results of fast molecular ion beams interacting with thin foils have re-
vealed the presence of vicinage (or interference) effects that occur when two or more
particles travel in correlated motion through a solid. These vicinage effects between
molecular partners may produce an enhancement or a diminution of the slow down of
the correlated particles when compared to that of an isolated projectile; this effect is
caused by the interference of the electronic excitations induced in the target by the
components of the molecule. The first experimental evidence of the vicinage effects was
observed by Brandt et al. [1] with molecular beams of Hj and Hj, and after that,
several papers have been devoted to its study. Most of the experimental [2 to 10] and
theoretical [11 to 13] works have chosen HJ and Hj as molecular projectiles because
they have the simplest structure where vicinage effects can be observed: Hj is a mole-
cule with a mean internuclear distance equal to 2.4 a.u. [14], and H; is an equilateral
triangular molecule with sides of 1.9 a.u. [15]. Therefore it is interesting to evaluate the
vicinage effects for these molecular beams because they depend on the geometrical
configuration and velocity of the molecule as well as on the target properties.

The purpose of this paper is to compare the theoretical predictions obtained by our
model with the available experimental data for the stopping power of amorphous car-
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bon for Hf and H; molecular beams. This model takes into account the spatial
changes of the initial configuration of the protons in the molecule, due to Coulomb
explosion, and it uses the dielectric formalism to evaluate the electronic energy loss and
the interference effects of the particles that constitute the molecule [13]. The dielectric
properties of the amorphous carbon target are described by a sum of Mermin-type
energy loss function [17]. In this scheme we find the electronic energy loss of the Hj
and H; molecular beams after traversing the foil as the averaged instantaneous energy
loss over the dwell time. A random orientation of the incident molecules is chosen in
order to compare with the experimental situation. A detailed study of the role played
by the different molecular orientations in the energy loss of fast Hy is given in
Refs. [18, 19].

2. Model

For a complete description of the interaction between the molecular beam and the
target, it is necessary to consider the changes that occur on the projectile during its
path through the foil. When a fast H] or H] molecule interacts with a solid, its binding
electrons are usually stripped off in the flrst atomic layers and the molecule becomes a
set of protons with the structure of the molecule, which move in correlated motion;
during this motion, their internuclear separation increases due to Coulomb repulsion.

The nuclear energy loss can be neglected in the range of energies we shall consider.
The dielectric formalism provides an expression for the instantaneous electronic stop-
ping power of a solid, S, corresponding to N protons that travel in correlated motion
with velocity v, as a function of the instantaneous separation r between the particles
[20],
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where S, is the stopping power of the target for a single proton, I(r) is the vicinage
function, and Z; represents the charge of each particle. The first term in Eq. (1) repre-
sents the contribution to the stopping power of the target from each proton of the
molecule, while the second term takes into account the interference effects that appear
due to the proximity of the proton partners. Atomic units will be used throughout this
paper?), and we assume that the charge of each fragment proton in correlated motion
does not differ from that of an isolated proton, so Z; = Z; = 1.

According to the dielectric formalism, the electronic stopping power of a solid for a
proton moving with velocity v is
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The response of the solid to the passage of the charged projectile is contained in the
term Im[—1/e(k, w)], the so called energy loss function (ELF); k and w are, respectively,
the momentum and energy transferred into electronic excitations to the target electrons.

2) Atomic units are defined by the condition me = e =/ = 1, where m is the mass of the elec-
tron and e is the elementary charge.
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Table 1

Parameters used to fit the energy loss function (ELF) of amorphous carbon using Eq. (4)
j o; (a.u.) 7; (aw) Aj

1 0.230 0.21 0.2362

2 0.945 0.49 0.7088

i — shell ®;_shen (a.u.) Yi_shen (a.1.) Ai_ghell Oi_edge (a.U1.)

K 10.5 7.9 0.004078 10.4

The vicinage function, /(r), incorporates the interference effects between the corre-
lated protons. For a random orientation of the molecule, it is given by [18]
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We consider two main contributions to the energy loss function: one due to the va-
lence electrons (w < Wj_cdge), and the other from the inner electrons (w > wj_cdge) Of
the target atoms, where w;_egee is the threshold energy of the i-shell. The ELF of the
target is constructed by a sum of Mermin-type ELF fitted to the structure of the experi-
mental ELF at k = 0 (optical data) [16, 17],
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where ¢y is the Mermin dielectric function [21]; w;, y; and A; describe, respectively, the
positions, widths and heights of the ELF peaks for the valence electrons. The values of
®i—shell> Vi_shen a0d A;_shen are chosen to fit the shape of the ELF in the corresponding
inner shells. The coefficients A; and A, g, are determined under the requirement that
the f-sum rule for the effective number of target electrons participating in the electro-
nic excitations must be satisfied [17]. The parameters of the ELF for an amorphous
carbon target are presented in Table 1. The contribution of the valence electrons to the
ELF was fitted, at k = 0, by a sum of two Mermin-type ELF to the experimental data
[22], while the contribution of the K-inner shell was deduced from X-ray scattering
factors [23]%).

For a given internuclear distance r between proton fragments, the instantaneous stop-
ping power ratio

_SF0)

R () =g (5)

) The ASCII files for the X-ray scattering factors of the different elements can be obtained
from http:://xray.uu.se/hypertext/henke.html.
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compares the energy loss of N correlated protons with N times the energy loss of a
single proton, in the same material and at the same velocity. If this ratio is equal to
unity, then there are not interference effects. Values of R > 1 (or < 1) represent an
enhancement (or a diminution) of the molecular energy loss with respect to that of a
single proton.

In order to make a comparison with experimental results, we evaluate the total en-
ergy lost by the molecule during its path inside the target, along which the internuclear
distance grows due to the Coulomb explosion. The measured stopping power ratio is
the average of the instantaneous stopping power ratio over the dwell time

T

j de R (r(1)) (6)
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In a good approximation, the dwell time can be calculated as 7 = D/v, where D is the
foil thickness.

The interaction between the proton fragments separated by a internuclear distance r
is described by the screened Coulomb potential [24]
—r/a
e
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where a is the screening length, given by a = v/wp when v > v and a = vg/wp other-
wise; vp = 1.2 a.u. and wp; = 0.8 a.u. are, respectively, the Fermi velocity and the char-
acteristic plasmon energy of the material. Solving the coupled set of Newton equations
for the components of the molecule that feel the screened Coulomb potential, we ob-
tain the instantaneous distance between the protons as a function of the time, r(¢). Note
that the effect of the Coulomb repulsion in the H; molecule is to increase each side of
the equilateral triangle without changing its shape.

3. Results and Discussion

In Fig. 1 we present the average stopping power ratio R3**" of amorphous carbon for
HJ, as a function of the dwell time and for constant values of the foil thickness. A
comparison between experiments (symbols) and theoretical results (lines) is shown for
several thicknesses: 2 ug/cm? [5], 3 ug/em? [3, 8], 5 ug/em? [4, 5], 6 ug/cm? [8] and
10.5 ug/cm? [4, 8]. The dwell time 7 was chosen as parameter in order to include in
the same figure different experimental results. The vicinage effects in the stopping
power are more pronounced at low dwell times, when the internuclear distance has
not grown yet too much due to Coulomb explosion. At long dwell times (correspond-
ing to smaller velocities and/or thicker foils) R5'" goes to unity because the molecular
partners have enough time to separate, and the protons travel without mutual interac-
tion for longer times. The theoretical calculation of the stopping power ratio shows a
reasonable agreement with the experimental data (within the error bars), especially at
large foil thicknesses; the difficulty to characterise the foils (density and homogeneity)
could explain the poorer agreement at small thicknesses. For small velocities and foil
thicknesses, the model does not predict values of the stopping power ratio lower than
unity, as seen in some of the experimental data. This feature could be explained be-
cause in our calculation we have not considered that, once in the material, the mole-
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Fig. 1. R3"*" for H; molecular beams in amorphous carbon foils, as a function of the dwell time.
Different thicknesses are considered: 2, 3, 5, 6 and 10.5 ug/cmz. Lines correspond to our calcula-
tions, and experimental data are represented by symbols (as indicated in each part)

cular fragments tend to become aligned parallel to the velocity, due to the wake force
induced by the leading projectile [17]. Calculations made for incident aligned mole-
cules show that R3**" < 1 at low velocities.

Figure 2 displays the stopping power ratio R3"" of amorphous carbon for Hj, as a
function of the dwell time and for constant energies of the H; molecular beam. Experi-
mental data from different authors [1 to 8] with energies ranging from 12.25 to
1000 keV/amu are presented here. Again it can be seen that the interference effects are
more pronounced at low dwell times and go to unity at large dwell times. This tendency
to unity is slower at high velocities due to the larger extension of the interference wake
potential. Generally the agreement of our calculations with the experimental data is
reasonable (taking into account the variety of analysed experiments), except in the case
of the data from Ref. [6], corresponding to ultrathin targets and low velocities. A large
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Fig. 2. R3Y*" for Hz+ molecular beams in amorphous carbon foils, as a function of the dwell time.
Different energies are considered: 12.25, 25, 100, 150, 380, 500, 655 and 1000 keV/amu. Lines cor-
respond to our calculations, and experimental data are represented by symbols (as indicated in
each part)

dispersion of the experimental data from different authors is observed, and a tendency
in the dependence of the stopping power ratio with the foil thickness or the energy is
not obvious from these data. Further and more accurate measurements of this quantity
would be desirable.

Figure 3 shows experimental data and theoretical predictions for the stopping power
ratio R§"" of amorphous carbon for a H molecule, as a function of the dwell time.
Our calculations correspond to the experimental data reported by Ray et al. [8] for
three foil thicknesses (3, 6 and 10.5 ug/cm?); a single experimental data from Nyaiesh et
al. [4] for a 5 ug/cm? thickness is included for completeness. The stopping power ratio
for H molecular beams shows the same behaviour as for Hy molecules (see Fig. 1). In
all the cases analysed, the results show values of the stopping power ratio greater than
one. For small dwell times the stopping power ratio goes to the same value, indepen-
dent of the foil thickness. At long dwell times, or small energies, the stopping power
ratio approaches to unity because the molecular fragments have enough time to be-
come separated. The main difference between the stopping power ratios occurs at small
dwell times, where R5Y" > R5"*". The enhancement of the vicinage effects in the case of
H7 is because its protons are initially closer than in Hj .
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Fig. 3. R§"™" for Hf molecular beams in amorphous carbon foils, as a function of the dwell time.
Different thicknesses are considered: 3, 5, 6 and 10.5 ug/cm?. Symbols correspond to experimental
data from Nyaiesh et al. [4] and Ray et al. [8]. Lines represent our calculations

4. Conclusions

We have calculated the stopping power ratio of amorphous carbon for Hy and Hj
molecules, using the dielectric formalism and taking into account the Coulomb explo-
sion between the protons of the molecule. This quantity has been evaluated as a func-
tion of the dwell time, for different foil thicknesses and molecular beam energies. Both
stopping power ratios, R3**" and R3'®, show the same trend as a function of the dwell
time, with the stopping ratio for H being greater than that for Hj at small dwell
times. Despite the dispersion of experimental data, our results compare reasonably well
with them, reproducing their main features.
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