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Experimental energy loss of slow H and H,™ in channeling conditions
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The interactions of hydrogen molecular ions,(Hl and protons in the low energy range< 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(itOfhedirection 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.
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The study of the interaction of ions with monocrystalline collective modes of the materif]. The determination of
and polycrystalline solids is one of the most active areas ofhe ratios between the energy loss of the molecular fragments
physics and a source of multiple technological applicationsand that of individual protons gives a measurement of these
When the target is monocrystalline, the situation is speciatvicinage effects.” This problem has been previously theo-
because the distribution of impact parameters and the yield®tically and experimentally addressed, mainly in the high
of the physical processes are found to be very dependent and medium energy rang& & Er) where energy loss ratios
the relative orientations of the beam and tafdgwiving rise  higher than 1 were founli7]. Most of these studies were
to the phenomenon of channeling. This effect has been inmade using amorphous or polycrystalline solids, but a theo-
tensively studied, and is currently used as a tool in ion im+etical prediction of important vicinage effects for correlated
plantation studies and ion-beam modification of materials. protons in channeling conditions was made long Egjo

The special conditions in the channeling procghe lack Here, an experimental and theoretically study of the en-
of homogeneity of the electron density, the ordered distribuergy loss of transmitted H and H" fragments along the
tions of atoms, etg.make of channeling an important tool (100 channel of gold in the low energy regime is presented,
for testing energy loss theories, electron band theories, anektending for the first time the studied energy range down to
interatomic potential§1—5]. 1 keV/u.

When the projectile is a molecutke situation is specially The energy loss measurements for protons, molecular
interesting because the closeness of the projectile compdragments of dissociated hydrogen molecules, and hydrogen
nents makes the interaction with the target nuclei and eleanolecules from recombined molecular fragments, were per-
trons rather different from that of the single ion beam. Thisformed using the transmission geometry after traversing very
so called “vicinage effect” allows us to obtain worthy infor- thin monocrystalline foils of Au. We detected the emerging
mation on dynamical effects in solids, including elastic andbeam within a very small angular cone<(.8°) along the
inelastic collisions, screening effect, and interactions withincident beam direction. All these measurements were per-

formed in the energy range from 1 to 7.5 keV/u. In our
experimental setup, the beam from a hot discharge ion source
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. o FIG. 2. Energy loss per unit mass as a function of the mean

f'G- 1. Energy spectrum corresponding to 3.5 keV/u incidentenergy inside the film as defined previously. The open triangles

H," beam. The intensity of the molecular fragments peak is multi-correspond to the energy loss of emerging protons with incident

plied by 10 whereas the detected molecitesombined fragments  energy from 2 to 15 keV, full circles correspond to molecular frag-

peak is multiplied by 100. Also, the spectrum shows a peak Ofments from the K" dissociation, and the open circles correspond to
molecules transmitted through a pinhole with no energy loss. the detected recombined fragmefitsolecules.

by an electrostatic lens system and mass analyzed by a ve-
locity filter. The proton energy analysis was performed by a0 slowed down molecular fragments traveling across the
160° spherical electrostatic analyze&Zomstock Inc., Oak film and a smaller peak close to the incident peak corre-
Ridge, TN, USA of less than 1% of resolution. The associ- SPonds to the recombined fragments. Figure 2 shows a set of
ated error in the determination of ion energy was less thafeasured energy loss data in keV/u as a function of the mean
3%. lons were detected with a microchannel plate system ignergy of projectile inside the sol¢E), defined by\(E)
chevron configuration. All the system was evacuated by two=3(VEo+ VE;) (velocity average whereE, is the mean
turbo molecular pumps and a liquid nitrogen trapped oil dif-incident energy ané, is the mean value of the exit-energy
fusion pump. The operating pressure was less than g#istribution. In order to compare the different energy losses
X107 Torr. The monocrystalline gold targets were of com-of protons, fragments, and molecules we present the plot as
mercial type (Ted Pella Inc., Redding, CA, USAthese e€nergy loss per unit mass. The energy loss of the molecular
specimens provide a valuable test for electronic microscope$§agments and recombined moleculper unit masgare un-
The gold is evaporated onto a Cu grid and induced to grovdoubted|y smaller than the energy loss of protons at the same
in a (100) orientation. According to the manufacturer's €nergy per unit mass.e., at the same velocityln Fig. 3, we
specifications, the films thicknesses ranged from 9 to 11 nnshow the energy loss divided by the square root of mean
The target was mounted on a five axis goniometer so that thenergy,(E)*? as a function of E)2 This representation
film surface was nearly perpendicular to the beam with a
precision better than 0.2°. o4—T—T—— T —T— — T
The accepted physical picture when a'Hnolecule col- |
lide with a metallic medium indicates that when it penetrates o H'from H," molecules
the solid it loses the binding electron in the first atomic o3} [° &' iasas a8 anans
planes[9]. Consequently the resulting fragments move in a
correlated way through the solid. Eventually the leaving “g
fragments can form a bound state at the exit if special con- & ,| : i
ditions are fulfilled[10]. Therefore, when bombarding the ‘.9 8
foil with H," molecules one should obtain at the exit an g |
intense peak corresponding to the fragments of the dissoci-
ated molecules and a small peak corresponding to molecules
recombined at the exit surface. The dwell time in our experi- -
ment (=8 fsec) almost completely reduce the possibility of T T
a direct transmission regime for molecules which is observed % 05 1 15 2 s 3 35 4
at high energie§10]. In Fig. 1, we present a typical energy <> ke Vi)
spectrum corresponding to the case of a 3.5 keV/u beam FIG. 3. Energy loss per unit mass divided by the square root of
incident in a AU<100> film. One clearly sees a peak at the the mean energYE>1/2, as a function 0(E>1/2_ Data points are the
incident energy [g,) corresponding to a fraction of mol- same as Fig. 2. This graph shows the threshold effect in the energy
ecules going through target pinholes with no energy lossloss, i.e., departure from the velocity proportionality of the stopping
Another peak near one half the incident energy correspondsower for the three type of particles.
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16 — T T T foils. _Then the resulting fragmer_nts trajectories are described
I k L plassme}lly anq controlled by the influence of three forqe§: the
[ Lr Levisetietal] interaction with the fcc Au atoms modeled by a Moéie
4l | sy eees 1 potential[15]; the stopping force due to electronic excitation
o=y T B i N/ﬁ{-f———_ modeled by nonlinear theofyL6] and a local electronic den-
i 2.2 } ----------------- { 1 sity within the channel calculated by the method linear
081 - muffin-tin orbitals[17,18), and finally the screened Coulomb
o - 1 repulsion between the fragments was modeled by a Yukawa
L L I S T potential[7]. To account for the vicinage effect in the energy
<E> (keVin) . loss, we have included in the stopping process the nonlinear
|| I . ................................................................................................. - vicinage effects using the results of Diez-lVIuiland Salin
{ZOZ' o o00e o . [19] for a hydrogenic dimer in an electron gas at low veloci-
°°°o°°o{ ties. At the exit of the foil we determine whether the frag-
v v . ments can form a bound state depending on the distribution
T T T T of distances between the fragments, their relative energies,
20 25 30 and the potential-energy curve of the ground state of thie H
molecule[20].
FIG. 4. Energy loss rati® for molecular fragmentsgfull sym- In the inset of Fig. 4, WE can see a de_tall Of. our experi-
mental data compared with computer simulations results.

bols) and recombined moleculéspen symbols The circles repre- . .
sent our experimental data while other symbols represent exper}[he full line corresponds to the case of fragments while the

ments from other authors for amorphous carbon foils. In the insefjoned_ line _represen_ts t_he ratio for recombined molecules.
we observe a detail of our experimental results compared with ouf N Simulations qualitatively agree and show the same trend
computational simulations. The solid line corresponds to the fragthat the experiments, i.e., values Rflower than 1 for mo-
ments ratio and dashed line is the molecular ratio. lecular fragments and an even lower ratio for recombined
molecules. The reason why the recombined molecules have
Jower values oRis that according to our simulations a con-
Idition that enhances the possibility of recombination is that
the fragments do not separate too much inside the foil, and
r1;'he vicinage effect in the relevant range of internuclear dis-

08—

15
<E> (keV/u)

should yield a constant value if the energy loss were propo
tional to the projectile velocity. These data show the typica
“threshold effect” (or band-structure effectpresent in the
energy loss in transition metals at this energy range whic .
has been reported elsewhéid,12 and has been associated tances is less than one. . .
to the excitation ofd-band electrons. In this graph we also In summary, a comparative StUdY of channeling at very
observe for first time the threshold effect for molecular frag-OW €nergies using protons and, Hions was performed.
ments and molecules. Transmission of " molecules was observed and the energy
In Fig. 4, we present the energy loss raRpdefined as losses of molecular fragments as well as transmittgd H
AEjag/ AEy+ in the case of individual molecular fragments ions under channeling conditions were determined in .this
andAEy +/2AEy- in the case of recombined molecules, asVery low energy range. The experiment shows unambigu-
a function of the incident energy per unit mass. ValueRof ously a diminished energy loss for molecular fragments and

significantly different from 1 imply the presence of vicinage recombined molecules as Comparec_i to individual prqtons
effects in the energy loss. The circles depict our experimenta‘IRT 1) 'I Thetl)ower ((ajnﬁrgy I_oss pelr }Jnlttjn;ass for retcomp|n(a|d
results for Au(100) and the squares and triangles represen[ino?qgcf[ﬁaetssﬂojvetrxgt theerf?alsmeexr?tsltr;]eat reic?rﬁg}ﬁg Z{ ;:reméz;
experimental results for amorphous carbon films from othe ¢ domi tlg th that ined relativel

authorg13,14. Full symbols indicated the ratio for molecu- surlace are predominantly Nose that remained refatively

lar fragments while open svmbols represent the case of (&lose inside the foil. In addition, we find that our model
9 P y P efbased on nonlinear calculations for hydrogenic dinh&es)

combined molecules. We observe valuesrosignificantly describes reasonably well the behavior of the stopping ratio
lower than 1. This tendency has also been found in other y pping

experiment in this energy rand&3,14), although for other in monocrystalline targets.
targets and not in channeling experiments. On the other This work has been partly supported by Fondo de Desar-
hand an opposite behavior has been observed at highesllo de Ciencia y Tecnologi de Chile, Fondecyt, under
energies E>E¢) where values ofR larger than 1 have Grant Nos. 1000107, 3010021, and 1020357. Support by
been found7]. Millenium Scientific Initiative, Condensed Matter Nucleus
In order to analyze these results and gain physical insightCM-P99-135-F, is also acknowledged. The authors are
we have performed computer simulations. The basis of thesgrateful to Dr. Antoine Salin for providing additional results
simulations for the case of atomic ions have been reportedf nonlinear stopping calculations for hydrogenic dimers.
before[3—5]. Here the simulation code has been extended td'he authors also thank Dr. G. H. Lantschner, Dr. J. C. Eck-
treat molecular fragments according to the following: we as-ardt, and Dr. P. Haerle for stimulating discussion and help-
sume that the molecule dissociates as soon as it enters thd suggestions.
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