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Energy loss of swift H and Hf molecules in gold: Vicinage effects
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We present experimental and theoretical results of vicinage effects due to the interaction of Hj and HJ
molecules with thin gold foils. High-energy-resolution backscattering experiments were carried out at energies
ranging from 80 up to 200 keV per nucleon for the Hi molecules and up to 140 keV per nucleon for the H
molecules. The results show small enhancements (about 5% and 15% for H3 and Hi molecules, respectively) of
the stopping ratios. The values obtained by the simulation code SEICS indicate small vicinage effects as well and
are in satisfactory agreement with the experimental data. Moreover, the same simulations carried out for carbon
foils yield relatively higher stopping ratios. The differences between the vicinage effects obtained for C and Au
are interpreted in terms of different excitation spectra of each material. Finally, our results obtained for Au are in
clear disagreement with those reported in the seminal work of Brandt, Ratkowski, and Ritchie [Phys. Rev. Lett.

33, 1325 (1974)].
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I. INTRODUCTION

Thanks to the pioneering work of Brandt, Ratkowski,
and Ritchie! published more than 35 years ago, it is well
known that the electronic energy loss of molecular ion
beams in matter clearly differs from the interaction of the
individual components of the molecule. The vicinage effect
is a direct manifestation of coherent effects arising from
the interference pattern of the wake potentials generated
into the medium by each constituent of the molecule. In
this case, the stopping ratio (defined as the ratio between
the stopping power of the molecule and the sum of the
stopping powers of its constituents) deviates from unity.
Vicinage effects are effective as long as the molecular
constituents move in a correlated manner. As the dwell
time increases while the molecule penetrates into the target
material, the Coulomb explosion® associated with multiple
scattering events push the molecular fragments away from
each other, thus decreasing their correlation. Consequently,
for large penetration depths or low projectile velocities, the
vicinage effect tends to vanish and the stopping ratio converges
to unity. Therefore, very thin foils are necessary to observe
vicinage effects in the energy loss of molecules and cluster
beams.

The experimental results and the theoretical interpretation
of the energy loss of Hy and Hi molecules traversing C
and Au foils published by Brandt and coworkers' show
interesting features. In particular, stopping ratios significantly
greater than unity were observed for both carbon and gold
films, which served as a stimulus for further research in
this field. Despite the large amount of studies involving
different combinations of targets and molecular projectiles,
the vast majority of the investigation has been concentrated
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in the interaction of hydrogen molecules with carbon foils.?
According to Ref. 1, the results for carbon show that the
stopping ratio reached up to about 1.2 for H; molecules at
150 keV per nucleon. Calculations based on the dielectric
formalism yield an excellent agreement with experimental
results and predicted a maximum stopping ratio of 1.5 for
H; molecules.! Other results concerning carbon®= seem to be
compatible with results presented in Ref. 1.

On the other hand, a complete different scenario emerges
when the stopping of molecules in gold foils is considered.
According to Brandt et al.,' the stopping ratio in gold could
reach as much as 1.2 for H;r molecules at 150 keV per
nucleon and 1.5 for H molecules at 100 keV per nucleon.
The accompanying theory' predicted maximum values for
the stopping ratio of 1.5 and 2.0 for Hf and Hi molecules,
respectively.

Subsequent to the results reported by Brandt et al.,' only one
work has been published with measurements of the stopping
ratio of hydrogen molecules interacting with noncrystalline
gold.* Intriguing discrepancies were observed between the
Horino* and the Brandt' data. The stopping ratios at higher
energies (500 keV per nucleon) from Horino et al.* were 1.06
and 1.22 for Hg and H;r molecules, respectively, thus much
lower than those results reported in Ref. 1.

The aim of the present work is twofold: first, perform
new measurements of the stopping ratios for Hy and Hy
molecules interacting with thin gold foils in order to clarify the
discrepancy observed in previous experimental data; second,
carry out advanced simulations of the energy loss of swift
hydrogen molecules in Au and C based on the dielectric
formalism together with the MELF-GOS method, which
provide areliable description of the energy-loss function (ELF)
of the targets.”:8
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II. EXPERIMENT AND DATA ANALYSIS

The experiments were performed with the MEIS (Medium
Energy Ion Scattering) system installed at the Federal Univer-
sity of Rio Grande do Sul. A 500-kV electrostatic accelerator
provided beams of HT, H;r, and H;r with typical currents of 12,
6, and 4 nA, respectively. The experiments covered an energy
region from 80 up to 200 keV per nucleon for HJ molecules
and up to 140 keV per nucleon for Hf molecular ions. The
sample consisted of a 37 A thick gold layer deposited over
crystalline silicon grown in the (100) direction. The relatively
small thickness of the Au film employed in the present
experiments allows a better interpretation of the vicinage
effects. Finally, the sample was mounted on a three-axis
goniometer inside the reaction chamber kept at a pressure of
about 10~7 mbar.

The MEIS system employed in the present work has been
already used in studies about the interaction of hydrogen
molecules with thin films and has been described in detail
elsewhere.”!? Basically, the MEIS system consists of a toroidal
electrostatic analyzer (TEA) mounted at 120° with respect to
the beam direction. Particles backscattered by target atoms
and analyzed by TEA reach a set of two microchannel
plates where a cloud of secondary electrons are generated
and subsequently detected by a position-sensitive detector. In
this way, the system provides two-dimensional (2D) spectra
relating energy and angle with number of events. The TEA
angular aperture is 30° and each angle bin corresponds to 0.08°.
The overall energy resolution achieved in the experiments was
350 eV.

The data analysis consists of several steps aiming at obtain-
ing one-dimensional (1D) energy spectra.” In short, several
75 angle bins are compacted into 6° windows, providing
high-statistics spectra. Finally, three different 6° windows
are selected for further analysis. Corrections due to different
kinematical factors and depth of backscattering events are
properly taken into account in the whole procedure.

The 1D energy spectra were analyzed by the SIMULMEIS
code,’ which is similar to other well-known software packages
used to analyze backscattering spectra.'! All experimental
parameters and physical properties of the target are properly
taken into account. The free parameters in this code are
the target thickness, the energy loss, and the straggling.
For the analysis of the proton spectra, the energy loss and
straggling were allowed to vary around values given by the
SRIM2008 code'? and the straggling theory developed by
Lindhard and Scharff,'? respectively. Once these parameters
were determined for the proton case, they were kept fixed
throughout the analysis concerning H and Hi molecules. In
these cases, only the stopping ratio along the incoming path
(before backscattering) was allowed to vary. Moreover, the
effects on the energy resolution and on the straggling due to
the Coulomb explosion were included in the calculations as
well. The results for the stopping ratios were obtained from
the best fittings of the energy spectra.

The final results and respective uncertainties for the stop-
ping ratios were evaluated from at least three different stopping
ratios obtained from a single measurement. For some cases,
more than one measurement was carried out, thus increasing
the number of results that were averaged.
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II1. SIMULATION

When a molecular projectile penetrates a target, it dis-
sociates in the first atomic layers. After that, the resulting
fragments move through the stopping medium in a correlated
way. However, this correlation tends to fade away as the
dwell time increases. In this case, the distance among the
fragments increases due to the Coulomb explosion and to
multiple scattering events. The electric potential induced in the
target by each atomic fragment (the wake potential) generates
a force that acts on the other molecular fragments (the wake
force) and on itself (the stopping force). When the constituents
of the molecular projectile are close enough, the electronic
excitations generated by any of them can affect the motion
of the other fragments.>”'* These vicinage effects have an
impact on the energy loss and can be quantified by the
stopping ratio, R,, which is defined as the energy loss of
the molecular projectile normalized to the sum of the energy
losses of the n molecular components considered as isotachic
independent projectiles. For a molecular hydrogen projectile,
Hj[, consisting of n atoms, we have

AEH;")

= WAEMY) @

n
where AE is the energy loss.

To calculate the vicinage effects of H5 and H; projectiles
in Au targets, we have used the SEICS code,” ! which has been
successfully applied to studying the interaction of molecular
projectiles with different noncrystalline targets. This simula-
tion code calculates the classical trajectories, and therefore
kinetic energies, of each molecular fragment by solving its
equation of motion numerically. Each molecular fragment is
subject to the Coulomb repulsion among the fragments (when
charged), the self-retarding stopping force (with statistical
fluctuations provided by the energy-loss straggling), the wake
force due to the potential induced in the target by the remaining
molecular constituents, and the elastic scattering with target
nuclei. Besides, electronic capture and loss processes are
considered along each projectile path. More details of the
simulation code are provided elsewhere. '3

The energy loss of the fragments is caused mainly by
excitation and ionization of target electrons. In the SEICS code,
this electronic energy loss is due to two contributions: the
individual stopping force on each fragment caused by the self-
induced electronic excitations and an interference force due
to the electronic excitations induced by neighbor fragments,
thus responsible for the vicinage effects. The calculation
of these forces is done using the dielectric formalism,'¢
where the electronic properties of the Au target are properly
described by the MELF-GOS method,*!” which has proven
to be a convenient tool to analyze dielectric materials. This
method consists of fitting the optical experimental ELF of
Au'® by means of a linear combination of Mermin-type
ELF" in order to describe outer-shell excitations. Moreover,
it uses generalized oscillator strengths (GOS) to account for
inner-shell excitations (up to the 3d subshell).!” It is worth
noting that Au films have a very complex and broad excitation
spectrum compared to a free electron gas metal. This is due
to the presence of a large number of interband transitions
that overlap and interact with collective oscillations.?’ The
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stopping power and the energy-loss straggling of H in Au
calculated by the MELF-GOS method show a good agreement
with available experimental data.?!->?

The interaction of the dissociated molecular constituents
with the target nuclei, giving rise to multiple elastic scattering
and nuclear energy loss, is included in the SEICS code through
a Monte Carlo approach.”> Moreover, it is considered that
the fragments can change their charge state by either losing
their electrons or by capturing target electrons, thus affecting
the interactions mentioned in the preceding paragraph. This
is incorporated in the simulation by drawing the free paths
between consecutive capture or loss events. To that end, a
simple model for the electron loss cross section and the
charge state fractions was devised based on the parametrization
provided by the CASP code.?*

The initial intermolecular distance distribution for the H;
molecule is taken from Ref. 1, while in the case of the H;r
molecule we choose an initial configuration corresponding
to an equilateral triangle of side 1 A.>® The molecular ion
impinges with a random orientation on the target, and after
averaging the results of 10° histories we find the energy of
both correlated and isolated fragments of the molecule at the
exit of the target. By comparing both results we are able to
calculate the stopping ratios R; and Rj.

IV. RESULTS AND DISCUSSION

The experimental stopping ratios for H; and H;r molecules
interacting with gold as a function of the impinging energy are
shown in Fig. 1. The minimum and maximum values obtained
for R, were 1.03 (at 100 keV per nucleon) and 1.08 (at 180 keV
per nucleon), respectively. Over the entire energy range, the
average stopping ratio R, shows an interference effect of
(4.8 +2.1)%, which indicates a relatively weak dependence
of R, on the energies studied in this work. In general, the
same picture holds for R3, whose values range from 1.14 (at
140 keV per nucleon) up to 1.16 (at 100 keV per nucleon). The
average stopping ratio R3 amounts to an interference effect of
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FIG. 1. (Color online) Experimental stopping ratios R, for Hy
(n = 2 for squares) and H3+ (n = 3 for circles) molecules interacting
with gold, as a function of the projectile energy. The target thickness
is 37 A. Solid and dashed lines stand for the calculations of R, and R;
based on the SEICS code, respectively. See text for further information.
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(14.9 £+ 0.7)%, which is practically constant over the energy
range studied for Hf molecules.

Figure 1 also depicts the results of the stopping ratios R,
and R3 from the simulation code SEICS, represented by solid
and dashed lines, respectively. The simulated values agree
reasonably well with the experimental data if one takes into
account the uncertainties associated with the data. Only for
H7 at 140 keV per nucleon a discrepancy can be observed.
In fact, the theory indicates a steady rise in the stopping ratio
toward higher energies, which apparently differs from what
the experimental results for HI suggest. In this case, a clear
picture of the apparent contradiction between experimental
results and simulations for the H;r stopping ratio could be
obtained with new measurements at higher energies that, at the
present moment, cannot be performed with our experimental
setup. In any case, both experimental and simulated stopping
ratios show small vicinage effects, in opposition to the results
reported by Brandt et al.! Also, the simulations predict that the
saturation regimes of the stopping ratios are achieved around
500 keV per nucleon and 800 keV per nucleon for Hy and HY,
respectively.

With the simulation code SEICS we can check the influence
of the Coulomb explosion and multiple scattering on the
internuclear-distance distribution of the fragments. For the
sake of clarity, only H;’ ions traversing a thickness of 37 A
will be considered for the ensuing discussion. The mean of the
internuclear-distance distribution between the fragments in-
creases by 30% and 13% for 100 keV per nucleon and 200 keV
per nucleon, respectively, if nuclear multiple scattering is
taken into account. Despite the substantial contribution to the
internuclear-distance distribution, the simulation shows that
the impact of the multiple nuclear scattering on the vicinage
effect is negligible. Similarly, the Coulomb explosion also
increases the mean of the internuclear-distance distribution of
the fragments but to a much lesser extent (about 1.2% and
1.4% for 100 keV per nucleon and 200 keV per nucleon
ions, respectively). Finally, it is important to mention that
charge-exchange processes may affect the stopping ratio since
the wake forces between two bare protons are more intense
than the wake forces between a proton and a neutral hydrogen
atom. In any case, the influence of charge-exchange processes
is relatively small. For instance, the stopping ratio of 100 keV
per nucleon HJ ions is about 1.07 when only protons are
considered, while for all possible pairs (protons and neutrals)
the stopping ratio reaches 1.04.

In order to provide a better understanding of the small
vicinage effects of the molecular hydrogen ions in Au foils
as compared with C foils in similar conditions,'* we discuss
the connection between the stopping ratio and the ELF of the
target. For brevity, we restrict our arguments to the stopping
ratio of Hj molecules at the high-velocity regime. According
to the dielectric formalism, the instantaneous stopping ratio
Ry(r) of a H; molecular ion moving with random orientation
through a target whose electronic properties are described by
the dielectric function e, is given by>

e? *® dg sin(gr)
Roy=14— | 4
2(r) + 7v2S(v) /0 q qr

X/qua)a)lm[ ! ], ()
0 G(q,(,())
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FIG. 2. (Color online) Energy-loss function of gold and carbon
targets in the optical limit as a function of the transferred energy.
Circles and triangles represent experimental data from Refs. 18 for
Au and 26 for C, respectively. The solid and dashed lines stand for the
fittings obtained by the MELF-GOS method of the Au and C data,
respectively. The vertical dotted line marks the position where the
transferred energy corresponds to 35 eV.

where e is the electron charge, r is the interatomic distance, ig
and hw represent the momentum and energy transferred to the
target in an inelastic process, and S(v) is the stopping power
of a individual ion moving with velocity v. This approach
describes in a self-consistent way the screening of the ions as
well as the excitations of the electrons in the solid, including
both collective and single-particle excitations. Note that the
stopping ratio R,, given in Eq. (1), is the average of the
instantaneous stopping ratio R,(r) over the spatial evolution
of the molecular fragments inside the target, including nuclear
collisions and charge exchange processes.

As the instantaneous stopping ratio R,(r) depends on the
energy-loss function of the target, Im[—1/e(q,w)], we show
in Fig. 2 the experimental ELF of gold'® and carbon® in the
optical limit (¢ = 0), together with their corresponding fitting
provided by the MELF-GOS method.®!” While the ELF of C
has only two peaks (corresponding to w and w+o collective
electron excitations), the ELF of Au shows a more complex
structure (due to the interaction between collective oscillations
and interband transitions), which gives a broad energy loss
spectrum that extends to higher transferred energies.

In Fig. 3 we depict the instantaneous stopping ratio
Ry(r) of H2+ molecules in a free electron gas, Eq. (2), as
a function of the transferred energy to the target obtained
using the Lindhard-type ELF.!® The calculations were carried
out at the energies of 100 keV per nucleon (solid line) and
500 keV per nucleon (dashed line) using an internuclear
distance of r = 1.3 A, which corresponds to the mean initial
separation of the H molecule. Assuming that the internuclear
distance does not change (which is a good approximation
for thin foils), we find that for a Hj molecular projectile
with velocity v, the instantaneous stopping ratio R,(r) shows
positive [Ry(r) > 1] or negative [R,(r) < 1] interferences
depending on the characteristic excitation energy of the target
(hwp). Vicinage effects become smaller as /1wy increases and
eventually vanish for relatively large excitation energies. At
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FIG. 3. (Color online) Instantaneous stopping ratio R,(r) ob-
tained for a Hf molecular ion as a function of the transferred energy.
The calculations were carried out for projectiles with initial energies
of 100 keV (solid line) and 500 keV (dashed line) using a Lindhard-
type ELF'"? with an internuclear distance of r = 1.3 A. The horizontal
dotted line indicates the complete absence of interference effects. The
vertical dotted line marks the position where the transferred energy
corresponds to 35 eV.

100 keV per nucleon, Fig. 3 shows positive interferences
when fiwg < 35 eV, therefore as the ELF of carbon has most
of their electronic excitations at transferred energies lower
than 35 eV, positive vicinage effects should prevail. The ELF
of C reaches a maximum at 24 eV, which corresponds to
Ro(r) ~ 1.16, a value that is compatible with the relatively
strong vicinage effect reported in the literature.> On the other
hand, the ELF of gold is much broader and it is shifted toward
transferred energies higher than 35 eV, which results in smaller
or even negative values of R(r), leading to lower values
of the stopping ratio. Therefore, when comparing the ELF
of two targets, one of them broader and extending to higher
transferred energies than the other, the vicinage effects should
be less important in the former than in the latter, which is in
clear accordance with the results shown in Fig. 1 for Au and
the available literature for C.?

The existing experimental data of the stopping ratio R,
and R3 as a function of the Au target thickness are shown
in Figs. 4 and 5, respectively. Calculations obtained with the
SEICS code corresponding to 75, 150, and 500 keV per nucleon
for H;r and to 60, 80, 100, and 500 keV per nucleon for H;r
are also depicted in Figs. 4 and 5, respectively. In general, the
calculations shown in both figures indicate that the stopping
ratio values tend to be higher as the projectile energy increases.
This is in full agreement with the results of the instantaneous
stopping ratio presented in Fig. 3, which shows that when
the energy of the projectile increases, the range of positive
interferences extends to larger characteristic energies, thus
resulting in an enhancement of the stopping ratio. Moreover,
as the foil thickness increases, the internuclear separation
grows due to the Coulomb explosion and elastic scattering
events. These processes lead to a reduction in the transferred
energies that contribute to positive interference, and therefore
the stopping ratio fades away and approaches unity. In simple
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FIG. 4. (Color online) Stopping ratio for HY molecules as a
function of the gold target thickness. (Solid and open circles) Data
from Brandt ef al.! at 75 and 150 keV per nucleon respectively; (solid
triangle) data from Horino et al.* at 500 keV per nucleon; (open
square) this work at 80 keV per nucleon; (open diamond) this work
at 140 keV per nucleon. Solid, dashed, and dash-dotted lines denote
the calculations based on the SEICS code at 75, 150, and 500 keV per
nucleon, respectively.

words, the interference effects tend to disappear as the target
thickness increases.

The results for R, obtained by Brandt and coworkers' at
150 keV per nucleon vary from 1.23 at 290 A down to 1.03
at 2500 A. These results appear to be exceedingly high when
compared with our experimental result of R, = 1.03 £0.03
obtained at 140 keV per nucleon and corresponding to a
gold thickness of 37 A. Within the uncertainties, our result at
140 keV per nucleon agrees with the calculations carried out
at 150 keV per nucleon, while the data from Brandt ef al. at
150 keV per nucleon are not compatible with our calculations
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FIG. 5. (Color online) Stopping ratio for Hf molecules as a
function of the gold target thickness. (Solid, open, and crossed
circles) Data from Brandt et al.! at 60, 80, and 100 keV per nucleon
respectively; (solid triangle) data from Horino et al.* at 500 keV per
nucleon; (full square) this work at 100 keV per nucleon. Solid, dashed,
dotted, and dash-dotted lines stand for the calculations based on the
SEICS code at 60, 80, 100, and 500 keV per nucleon, respectively.
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for thicknesses below about 860 A. On the other hand, the
Brandt data at 75 keV per nucleon agree quite nicely with
our calculations at the same energy over a wide thickness
range. Again, our result obtained at 80 keV per nucleon
(R, = 1.06 £ 0.03) is compatible with the calculations carried
out at 75 keV per nucleon. Finally, the data from Horino
et al.* obtained at 500 keV per nucleon for a 370 A-thick
gold foil agrees well with our calculations carried out at the
same energy.

Regarding the H;r data shown in Fig. 5, the results from
Brandt and coworkers at 60, 80, and 100 keV per nucleon
show larger stopping ratios R; than those obtained by our
simulations carried out at the same energies. The data reported
by Horino et al. at 500 keV per nucleon for a target thickness
of 340 A is about 4% larger than our simulations at the same
energy, thus indicating a quite good agreement between ex-
periment and theory. The value of R; = 1.15 4 0.03 obtained
in this work at 100 keV per nucleon for a target thickness of
37 Ais in excellent agreement with our simulations at the same
energy.

V. CONCLUDING REMARKS

In this work we obtained the experimental stopping ratios
of H;’ and H;’ molecules interacting with a thin gold target
in a wide energy range. Simulations based on the dielectric
formalism agree quite well with our experimental results and
with the measurements of Horino et al.* In general, all these
results (experimental data and calculations) are much lower
than those reported by Brandt et al.! Especially surprising are
the extremely large stopping ratios of H;r obtained for large
target thicknesses (up to ~785 A) and small projectile energies
(down to 60 keV per nucleon).! For such large traversed
distances, intramolecular separations should be large enough
to ensure that the fragments are completely uncorrelated, and
therefore the vicinage effects should disappear.

The small experimental and theoretical stopping ratios R,
and R;3 found in this work for gold can be attributed to the
broad ELF spectra of the target at high transferred energies,
which minimizes the vicinage effects. Therefore, our results
can be explained in terms of the excitation spectrum of Au.
Besides, measurements of Horino et al.* carried out for other
materials seem to support this explanation since relatively large
ratios for H;’ and H;’ projectiles in C and Si were obtained.*
Indeed, materials like C and Si have ELFs with well defined
peaks at small transferred energies, thus exhibiting properties
that resemble those of quasifree electron gas. In this case,
our simulations yield relatively large stopping ratios, thus
indicating sizable vicinage effects.

It is important to bear in mind that a proper interpretation
of the data relies on a realistic description of the energy-loss
function of the material under study. Our results confirm a close
correlation between the weight of the ELF at small transferred
energies and the magnitude of the vicinage effects in the energy
loss.

Despite the undisputable importance of the seminal work
carried out by Brandt ez al., the present work shows compelling
evidence that the stopping ratios of H5 and Hy in gold films
shown in Ref. 1 are not compatible either with more recent
measurements or with our simulations.
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