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Abstract

The transmission of Hþ
2 molecules through thin gold foils in channeling conditions is studied, both theoretically and

experimentally, in the low energy range (E < 10 keV/u). For this purpose we have performed semiclassical computer

simulations of the fragment trajectories inside the target and we are able to determine if they can reconstruct at the exit

surface via the recombination model. Our calculated Hþ
2 transmission yield shows interesting oscillations as a function

of the dwell time, and also the calculated exiting number of Hþ
2 with respect to H+ shows a very good agreement with

our experimental measurements. We observed transmission yields almost three orders of magnitude larger than in the

case of a random target.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The interaction of molecular beams with solids

has been studied thoroughly in the past, both the-

oretically and experimentally, because it provides

valuable information about the basic mechanisms
of solid response to perturbations [1]. When the

projectile is incident along a crystalline direction
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of a monocrystalline solid, the situation is rather

different than when the same projectile is interact-

ing with a random solid because the distributions

of impact parameters are different in both cases,

giving rise to the phenomenon of ‘‘channeling’’

[2]. As an example of this behaviour, it is found
that the energy losses and ranges in channeling

conditions differ significantly from the random

case [2–4]. Also, the ‘‘vicinage effects’’ in the en-

ergy loss of molecular beams were found to be dif-

ferent in channeling conditions [5]. In this work we

will focus on the influence of channeling in the

transmission of Hþ
2 molecules through thin foils.
ed.
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This problem was previously studied experimen-

tally by Poizat and Remillieux [6] and an enhance-

ment of the transmission yield through planar

directions of the crystal was found. Also, several

papers have studied the transmission of molecules
in random solids [7–11]. Here we will study, both

theoretically and experimentally, the transmission

of Hþ
2 molecules along several crystalline direc-

tions of a Au film in the low energy range

(E < 10 keV/u) and make a comparison with a sim-

ilar situation in a random target. For this purpose,

we have developed a numerical code that follows

the molecular fragments trajectories inside the
monocrystalline solid and then modelled the prob-

ability of recombination at the exit of the foil.

In what follows, we present the details of our

simulation code and the model to evaluate the

probability of molecular recombination (Section

2). The main results are discussed in Section 3

and the conclusions appear in Section 4.
2. Theoretical and simulation background

When a Hþ
2 molecule penetrates a solid target it

can be transmitted without dissociation if its dwell

time inside the foil is very small, typically lower

than 0.2 fs [7,8]. This situation cannot be fulfilled

at low molecular energies (E < 10 keV/u) but at
higher energies and very thin foils we can find at

the exit molecules that are transmitted without dis-

sociation [8]. Nevertheless Hþ
2 can still be transmit-

ted if the molecules dissociates, one of fragments

captures a target electron, and they recombine at

the exit into a molecular bound state. Therefore,

we can say that for our range of interest (dwell

times � 10 fs.), the Hþ
2 molecule dissociates as

soon as it enters the foil and that the process of

recombination is responsible for all the molecules

obtained at the exit. Once inside the solid, the dis-

sociation fragments move in a correlated way and

so their separation R and the relative kinetic en-

ergy Erel are affected by several interactions.

In order to describe the trajectories of the disso-

ciation fragments throughout the monocrystalline
gold foils, we have used a simulation code de-

scribed previously [4,12] that solves the classical

equations of motion of the resulting fragments
and contains the main dynamical interactions with

the target nuclei and electrons and also with the

molecular partner. The multiple scattering with

the atomic cores of the solid is mainly responsible

for the fragments trajectories and was modelled by
a repulsive Molière potential [13]. We include

atomic vibrations of the solid allowing the crystal

atoms to displace from their equilibrium positions

through the Debye model [2]. The energy loss of

the fragments is mainly due to the target electronic

excitation and was included in the simulation code

making the fragments lose energy as if they were in

a jellium with a density corresponding to the local
valence electronic density. The stopping model is

non-linear [14] also including energy loss strag-

gling [15] and the local electronic density in the

primitive cell was calculated using the TB-LMTO

method [16,17]. The screened Coulombic repulsion

with the molecular partner was modelled by a

Yukawa potential [1]. The initial conditions of

incidence of the Hþ
2 molecule are as follows: ran-

dom orientation of the internuclear axis, an initial

internuclear distance of approximately 1.25 Å [18],

random impact parameter across the channel and

velocity directed along a target crystalline

direction.

The model we have used to investigate the

recombination of Hþ
2 molecules at the exit of the

foil has been used before [8,10,11] and assumes
the following sequence of events: (a) when inter-

acting with the solid, the fragments can capture

or lose electrons. At the exit of the foil, the frag-

ments charge states can be H0, H+ or H� with

probabilities depending on the velocity of the frag-

ments and to a lesser extent on the target material.

These probabilities were approximated by the

charge fractions (/0 + /+ + /� = 1) obtained
experimentally in amorphous gold [19]. (b) If H+

and H0 belonging to the same molecular ion meet

at the rear surface with a given internuclear dis-

tance R and a relative kinetic energy Erel ¼ 1
2
l _R

2

recombination into a molecular bound state can

take place (l is the reduced mass of the molecule).

This will occur if U(R) + Erel < 0, being U(r) the

potential energy of the 1sRg molecular state rela-
tive to that of the H0(1s) + H+ separated atoms

which is taken to be zero [20]. We assume that

the probability of the fragments to be captured
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into other molecular state different than 1sRg is

negligible. This assumption is supported by a good

comparison of the experimental number of Hþ
2

molecules recombined at the exit obtained in this

work and that in [11].
In our simulations, we store the values of R and

Erel obtained at the exit of a foil of a given thick-

ness for all the histories, and then, taking into ac-

count the probability of H+ and H0 encounter, we

calculate the number of Hþ
2 obtained by recombi-

nation with the model just described. The number

of exiting H+ can be due to the isolated fragments

leaving the foil�s rear surface or due to exiting pairs
that do not recombine.
3. Results

In Fig. 1, we have depicted the calculated trans-

mission yield, i.e. the number of exiting Hþ
2 mole-

cules relative to the number of incident molecules
Nhist, as a function of the dwell time. The projec-

tiles are 6.25 keV/u Hþ
2 molecules inciding in a

monocrystalline Au foil oriented in several crystal-

lographic directions. We observe that the transmis-

sion yield decreases with the dwell time. The main

mechanism that tends to separate the fragments

reducing the probability of recombination is the

collision with the target nuclei. In this energy
Fig. 1. Number of Hþ
2 molecules obtained at the exit of an Au

foil relative to incident number of molecules, as a function of

the dwell time. The molecular energy is 6.25 keV/u and three

different orientations of the crystal were included.
range, the Coulombic repulsion between the frag-

ments is so screened that it can be neglected as a

mechanism of fragment separation. The scattering

with the target nuclei explains the decrease of the

yield with the thickness and also why the recombi-
nation is more enhanced if the crystal is oriented in

the h1 1 0i direction. The h1 1 0i direction is the

most open in an fcc crystal and have larger chan-

nels reducing the probability of a close encounter

with a crystal atom. The channel area is 0.35a2

for this direction, the h1 0 0i direction has an inter-

mediate channel size (0.25a2) and the most closed

surface is the one corresponding to the crystal ori-
ented in the h1 1 1i direction (0.144a2), a being the

lattice parameter. We also observe interesting

oscillations of the transmission yield with the dwell

time. In order to interpret these oscillations, we

show in Fig. 2, the calculated transmission yield

as a function of the dwell time for the h1 0 0i crys-
tal orientation but forcing the initial molecular ori-

entation to be perpendicular or parallel respect to
the channel axis. We can see that if the molecule is

initially aligned with the axis much higher trans-

mission yields are found because the scattering of

the fragments with the target nuclei is thus reduced

and no oscillations in the yield are present. How-

ever, if the molecule impinges with its internuclear

axis perpendicular to the channel axis we can see
Fig. 2. Number of Hþ
2 molecules obtained at the exit of the Au

foil relative to the incident number of molecules, as a function

of the dwell time. The crystal orientation is the h1 0 0i and the

molecular axis at the entrance can be parallel, perpendicular or

random with respect to the h1 0 0i direction.
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much lower transmission yields and evident oscil-

lations as a function of the thickness. In this latter

case, there are histories where the fragments can

travel in adjacent channels and the internuclear

distance have oscillations with the target thickness
giving rise to the just mentioned oscillations in the

recombination yield.

Before the comparison with the experimental

results it is necessary to make some comments

about our experimental setup. The setup is the

same we have been using for energy loss measure-

ments and has been previously described [12].

Concisely it consists of a Hþ
2 beam incident on

commercial thin monocrystalline foils in transmis-

sion geometry. The emerging particles were energy

analysed with an electrostatic detector. The inte-

gration of the energy loss spectrum during a fixed

time gives us information about the number of

particles detected. As the electrostatic analyzer

only detects charged particles and we cannot nor-

malize the peak intensities relative to the incident
beam we have compared the Hþ

2 relative to the

H+ peak intensity in the same exit energy spectrum

in order to obtain experimental information about

the recombination process. In Fig. 3 we show the

number of Hþ
2 relative to that of H+ obtained at
Fig. 3. Number of Hþ
2 molecules compared to the number of

H+ fragments exiting a 110 Å thick Au foil as a function of the

projectile energy. The lines in the upper part of the figure

correspond to our simulations for three different orientations of

the Au monocrystal, while the symbols are our experimental

results for Au h1 0 0i. The line in the lower part of the figure

correspond to a simulation in a foil of amorphous Au.
the exit of a 110 Å thick monocrystalline gold foil

for different projectile energies and three different

crystal orientations. The symbols represent our

experimental results for Au h1 0 0i. Again we can

see that the most open orientation, namely the
h1 1 0i, produces larger recombination rates, inter-

mediate for the case of the h1 0 0i orientation and

small recombination in the case of the h1 1 1i ori-
entation. The agreement of the h1 0 0i simulation

with the experimental data is very satisfactory.

As a matter of comparison with recombination

in random targets, we have added in the lower part

of Fig. 3, the results corresponding to a simulation
for a 110 Å thick amorphous gold foil. In these

simulations we have only included a Monte-Carlo

model [21,22] for the nuclear multiple scattering of

the molecular fragments and the same energy loss

model as in the simulations in monocrystalline sol-

ids but considering uniform electronic density.

Clearly, the presence of multiple scattering with

target nuclei reduces by almost three orders of
magnitude the recombination yield as compared

to the channeling case. This explains why, within

our experimental precision, we cannot observe

Hþ
2 molecules at the exit of a 110 Å thick polycrys-

talline gold foils but we do observe Hþ
2 molecules

in similar monocrystalline foils.
4. Conclusions

The transmission of Hþ
2 molecules through thin

gold foils in channeling conditions has been stud-

ied experimentally and also with computer

simulations.

The scattering with the target nuclei is the main

responsible for the fragments separation and their
relative energy when exiting the foil and so recom-

bination is clearly enhanced in channeling condi-

tions with respect to random targets. In the same

way, the crystal oriented in directions resulting in

the most open surfaces (h1 1 0i in the case of an

fcc crystal) give rise to larger transmission yields.

We find interesting oscillations, not yet mea-

sured, in the recombination yield as a function of
the dwell time in channeling conditions due to his-

tories where the fragments of the Hþ
2 molecule tra-

vel in adjacent channels and the intermolecular
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distance presents oscillations with the target

thickness.

The comparison of our calculated values of the

ratio
NðHþ

2
Þ

NðHþÞ with the experimental measurements

obtained in our laboratory is very satisfactory.
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