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Experimental energy loss of slow H¿ and H2
¿ in channeling conditions

J. E. Valdés* and C. Parra
Laboratorio de Colisiones Ato´micas, Departamento de Fı´sica, Universidad de Santiago de Chile, Casilla 307, Santiago, Chile

and Departamento de Fı´sica, Universidad Federico Santa Marı´a, Casilla 110-V, Valparaı´so, Chile

J. Dı́az-Valdés
Departamento de Fı´sica, Universidad de Concepcio´n, Casilla 160-C, Correo 3, Concepcio´n, Chile

C. D. Denton
Departamento de Fı´sica, Universidad Federico Santa Marı´a, Casilla 110-V, Valparaı´so, Chile

C. Agurto and F. Ortega
Laboratorio de Colisiones Ato´micas, Departamento de Fı´sica, Universidad de Santiago de Chile, Casilla 307, Santiago, Chile

N. R. Arista
División Colisiones Ato´micas, Centro Ato´mico Bariloche, Instituto Balseiro, S.C. de Bariloche, Argentina

P. Vargas
Departamento de Fı´sica, Universidad Federico Santa Marı´a, Casilla 110-V, Valparaı´so, Chile

~Received 1 June 2003; published 12 December 2003!

The interactions of hydrogen molecular ions (H2
1) and protons in the low energy range (E,7.5 keV/u)

with very thin foils of monocrystalline gold are experimentally studied. Measurements of energy loss distri-
butions of molecular fragments, recombined molecules, and protons channeled in the^100& direction of a
monocrystalline gold thin film have been performed. From the energy loss data we determine the stopping
power ratio, which shows a significant negative ‘‘vicinage effect,’’ giving a reduced energy loss of molecular
fragments and recombined molecules as compared to the energy loss of protons. This effect is more pro-
nounced in the case of detected molecules. Computational simulations, where nonlinear models are included,
qualitatively agree with our experimental results and suggest that some pairs of ions travel and emerge from the
crystal with appropriate internuclear distances and relative velocities and are able to recombine at the exit.

DOI: 10.1103/PhysRevA.68.064901 PACS number~s!: 34.50.Bw, 34.50.Fa, 61.85.1p
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The study of the interaction of ions with monocrystallin
and polycrystalline solids is one of the most active areas
physics and a source of multiple technological applicatio
When the target is monocrystalline, the situation is spe
because the distribution of impact parameters and the yi
of the physical processes are found to be very dependen
the relative orientations of the beam and target@1# giving rise
to the phenomenon of channeling. This effect has been
tensively studied, and is currently used as a tool in ion
plantation studies and ion-beam modification of materials

The special conditions in the channeling process~the lack
of homogeneity of the electron density, the ordered distri
tions of atoms, etc.! make of channeling an important too
for testing energy loss theories, electron band theories,
interatomic potentials@1–5#.

When the projectile is a moleculethe situation is specially
interesting because the closeness of the projectile com
nents makes the interaction with the target nuclei and e
trons rather different from that of the single ion beam. T
so called ‘‘vicinage effect’’ allows us to obtain worthy infor
mation on dynamical effects in solids, including elastic a
inelastic collisions, screening effect, and interactions w
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collective modes of the material@6#. The determination of
the ratios between the energy loss of the molecular fragm
and that of individual protons gives a measurement of th
‘‘vicinage effects.’’ This problem has been previously the
retically and experimentally addressed, mainly in the h
and medium energy range (E>EF) where energy loss ratio
higher than 1 were found@7#. Most of these studies wer
made using amorphous or polycrystalline solids, but a th
retical prediction of important vicinage effects for correlat
protons in channeling conditions was made long ago@8#.

Here, an experimental and theoretically study of the
ergy loss of transmitted H2

1 and H1 fragments along the
^100& channel of gold in the low energy regime is present
extending for the first time the studied energy range down
1 keV/u.

The energy loss measurements for protons, molec
fragments of dissociated hydrogen molecules, and hydro
molecules from recombined molecular fragments, were p
formed using the transmission geometry after traversing v
thin monocrystalline foils of Au. We detected the emergi
beam within a very small angular cone (,0.8°) along the
incident beam direction. All these measurements were
formed in the energy range from 1 to 7.5 keV/u. In o
experimental setup, the beam from a hot discharge ion so
~Colutron Research Corp., Boulder, CO, USA! was focused
©2003 The American Physical Society01-1
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by an electrostatic lens system and mass analyzed by a
locity filter. The proton energy analysis was performed b
160° spherical electrostatic analyzer~Comstock Inc., Oak
Ridge, TN, USA! of less than 1% of resolution. The assoc
ated error in the determination of ion energy was less t
3%. Ions were detected with a microchannel plate system
chevron configuration. All the system was evacuated by
turbo molecular pumps and a liquid nitrogen trapped oil d
fusion pump. The operating pressure was less than
31027 Torr. The monocrystalline gold targets were of com
mercial type ~Ted Pella Inc., Redding, CA, USA!, these
specimens provide a valuable test for electronic microsco
The gold is evaporated onto a Cu grid and induced to g
in a (100) orientation. According to the manufacture
specifications, the films thicknesses ranged from 9 to 11
The target was mounted on a five axis goniometer so tha
film surface was nearly perpendicular to the beam with
precision better than 0.2°.

The accepted physical picture when a H2
1 molecule col-

lide with a metallic medium indicates that when it penetra
the solid it loses the binding electron in the first atom
planes@9#. Consequently the resulting fragments move in
correlated way through the solid. Eventually the leavi
fragments can form a bound state at the exit if special c
ditions are fulfilled @10#. Therefore, when bombarding th
foil with H2

1 molecules one should obtain at the exit
intense peak corresponding to the fragments of the diss
ated molecules and a small peak corresponding to molec
recombined at the exit surface. The dwell time in our expe
ment ('8 fsec.! almost completely reduce the possibility
a direct transmission regime for molecules which is obser
at high energies@10#. In Fig. 1, we present a typical energ
spectrum corresponding to the case of a 3.5 keV/u H2

1 beam
incident in a Au^100& film. One clearly sees a peak at th
incident energy (E0) corresponding to a fraction of mol
ecules going through target pinholes with no energy lo
Another peak near one half the incident energy correspo

FIG. 1. Energy spectrum corresponding to 3.5 keV/u incid
H2

1 beam. The intensity of the molecular fragments peak is mu
plied by 10 whereas the detected molecules~recombined fragments!
peak is multiplied by 100. Also, the spectrum shows a peak
molecules transmitted through a pinhole with no energy loss.
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to slowed down molecular fragments traveling across
film and a smaller peak close to the incident peak cor
sponds to the recombined fragments. Figure 2 shows a s
measured energy loss data in keV/u as a function of the m
energy of projectile inside the solid̂E&, defined byA^E&
5 1

2 (AE01AE1) ~velocity average!, whereE0 is the mean
incident energy andE1 is the mean value of the exit-energ
distribution. In order to compare the different energy loss
of protons, fragments, and molecules we present the plo
energy loss per unit mass. The energy loss of the molec
fragments and recombined molecules~per unit mass! are un-
doubtedly smaller than the energy loss of protons at the s
energy per unit mass~i.e., at the same velocity!. In Fig. 3, we
show the energy loss divided by the square root of m
energy,^E&1/2, as a function of̂ E&1/2. This representation

t
i-

f

FIG. 2. Energy loss per unit mass as a function of the m
energy inside the film as defined previously. The open triang
correspond to the energy loss of emerging protons with incid
energy from 2 to 15 keV, full circles correspond to molecular fra
ments from the H2

1 dissociation, and the open circles correspond
the detected recombined fragments~molecules!.

FIG. 3. Energy loss per unit mass divided by the square roo
the mean energy,^E&1/2, as a function of̂ E&1/2. Data points are the
same as Fig. 2. This graph shows the threshold effect in the en
loss, i.e., departure from the velocity proportionality of the stopp
power for the three type of particles.
1-2
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should yield a constant value if the energy loss were prop
tional to the projectile velocity. These data show the typi
‘‘threshold effect’’ ~or band-structure effect! present in the
energy loss in transition metals at this energy range wh
has been reported elsewhere@11,12# and has been associate
to the excitation ofd-band electrons. In this graph we als
observe for first time the threshold effect for molecular fra
ments and molecules.

In Fig. 4, we present the energy loss ratioR, defined as
DEfrag/DEH1 in the case of individual molecular fragmen
andDEH

2
1/2DEH1 in the case of recombined molecules,

a function of the incident energy per unit mass. Values oR
significantly different from 1 imply the presence of vicinag
effects in the energy loss. The circles depict our experime
results for Au^100& and the squares and triangles repres
experimental results for amorphous carbon films from ot
authors@13,14#. Full symbols indicated the ratio for molecu
lar fragments while open symbols represent the case o
combined molecules. We observe values ofR significantly
lower than 1. This tendency has also been found in ot
experiment in this energy range@13,14#, although for other
targets and not in channeling experiments. On the o
hand an opposite behavior has been observed at hi
energies (E.EF) where values ofR larger than 1 have
been found@7#.

In order to analyze these results and gain physical ins
we have performed computer simulations. The basis of th
simulations for the case of atomic ions have been repo
before@3–5#. Here the simulation code has been extended
treat molecular fragments according to the following: we
sume that the molecule dissociates as soon as it enter

FIG. 4. Energy loss ratioR for molecular fragments~full sym-
bols! and recombined molecules~open symbols!. The circles repre-
sent our experimental data while other symbols represent ex
ments from other authors for amorphous carbon foils. In the in
we observe a detail of our experimental results compared with
computational simulations. The solid line corresponds to the fr
ments ratio and dashed line is the molecular ratio.
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foils. Then the resulting fragments trajectories are descri
classically and controlled by the influence of three forces:
interaction with the fcc Au atoms modeled by a Molie`re
potential@15#; the stopping force due to electronic excitatio
modeled by nonlinear theory@16# and a local electronic den
sity within the channel calculated by the method line
muffin-tin orbitals@17,18#, and finally the screened Coulom
repulsion between the fragments was modeled by a Yuk
potential@7#. To account for the vicinage effect in the energ
loss, we have included in the stopping process the nonlin
vicinage effects using the results of Diez-Muin˜o and Salin
@19# for a hydrogenic dimer in an electron gas at low velo
ties. At the exit of the foil we determine whether the fra
ments can form a bound state depending on the distribu
of distances between the fragments, their relative energ
and the potential-energy curve of the ground state of the H2

1

molecule@20#.
In the inset of Fig. 4, we can see a detail of our expe

mental data compared with computer simulations resu
The full line corresponds to the case of fragments while
dotted line represents the ratio for recombined molecu
The simulations qualitatively agree and show the same tr
that the experiments, i.e., values ofR lower than 1 for mo-
lecular fragments and an even lower ratio for recombin
molecules. The reason why the recombined molecules h
lower values ofR is that according to our simulations a co
dition that enhances the possibility of recombination is t
the fragments do not separate too much inside the foil,
the vicinage effect in the relevant range of internuclear d
tances is less than one.

In summary, a comparative study of channeling at ve
low energies using protons and H2

1 ions was performed.
Transmission of H2

1 molecules was observed and the ener
losses of molecular fragments as well as transmitted H2

1

ions under channeling conditions were determined in t
very low energy range. The experiment shows unambi
ously a diminished energy loss for molecular fragments a
recombined molecules as compared to individual prot
(R,1). The lower energy loss per unit mass for recombin
molecules observed here is explained by computer sim
tions that show that the fragments that recombine at the
surface are predominantly those that remained relativ
close inside the foil. In addition, we find that our mod
~based on nonlinear calculations for hydrogenic dimers@19#!
describes reasonably well the behavior of the stopping r
in monocrystalline targets.
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