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Scattering of molecular and atomic hydrogen ions from single-crystal surfaces
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Energy spectra of H,* molecules and of the resulting H* ions backscattered from Ni(111) and W(100)
surfaces are measured for incident H, ¥ molecules in the energy range from 200 eV to 2 keV. Comparison is
made to spectra obtained from incident H*. It is shown that the dissociation of the impinging molecular ions
is not caused by an electron-loss process, but proceeds via excited molecular states. The dissociation
probability may depend on the surface structure, which is concluded from pronounced changes of the ion
yields with the orientation of plane of scattering relative to the crystal surface.

In many ion-bombardment experiments with
hydrogen as projectile molecular ions are used
to achieve higher current densities at lower in-
cident energies per proton. The exXperimental
evidence in sputtering,! charge-state fraction,?
or proton emission® is that, in general, an H,’
ion behaves like two independent protons at half
the accelerating voltage. These observations are
made above a few kilo-electron-volts. It has been
shown that at energies below a few kilo-electron-
volts the survival of molecular ions may not be
negligible.* Since we are involved in experiments
on desorption by ion impact® in the energy range
from 100 eV to 2 keV, this question is of experi-
mental interest. On the other hand, no experi-
ments (besides the one mentioned? at 5 keV) have
been reported in the energy range down to 100-eV.
We conducted experiments using H," as molecular
projectile impinging on Ni(111) and W(100) sur-
faces.

I. EXPERIMENT

The experimental setup has already been de-
scribed.b It is a UHV system equipped with a
four-grid low-energy electron diffraction Auger
system and an ion scattering facility. It consists
of an electron impact ion source followed by a
mass separator. The energy distribution of the
scattered ions is measured at variable scattering
angles by means of an electrostatic analyzer which .
can rotate around the target axis. With hydrogen
as projectile target current densities of 10-" A/cm?
H,'and 10 A/cm? H* can be produced, keeping the
pressure in the target chamber in 10-°-Torr
range. Primary beam measurements (Fig. 1) are
taken with reduced current. Sorption of H on the
targets during the measurements cannot be ex-
cluded and there is no direct way to measure this
possible contamination. Other contaminants are
measured to be lower than a few hundredths of a
monolayer.

II. RESULTS

Figures 1 and 2 show energy spectra obtained
for the bombardment of Ni(111) and W(100) with
H,”andH" at an accelerating voltage of 600 eV.
Also shown are the H* parts of the spectra when
the incident H; ions are accelerated by 1200 eV.
The main results from this type of measurements
are: (i) The yield (peak area) ofH,' ions is of the
order of a few percent compared with the yield of
H" ions which result from dissociation of the same
H,' beam, (ii) the full width at half-maximum
(FWHM) of the H,' peak is smaller compared with
the FWHM of the H* spectrum resulting from in-
cident H* at the same accelerating voltage, (iii)
the latter peak has again a smaller width com-
pared with the H* peak resulting from H," bom-
bardment at twice the accelerating voltage, (iv)
the H," peak is shifted to lower energies compared
with the H* peak at the same accelerating voltage,
and (v) the H* peak from H, attwice the accelerat-
ing voltage is shifted towards higher energies.
These shifts of the peak positions at FWHM are
below 2 eV. These observations are based on
measurements from 100 eV to 2 keV .and for
scattering angles from 5° to 90°. Figures 1
and 2 serve as examples.

Measurements at different energies and lab-
oratory scattering angles are summarized in
Fig. 3 with respect to theH,' survival. For differ-
ent ratios of the molecular-ion yield to total-ion
yield it is possible to define “molecular survival”
and “dissociation” regions. As expected, the
chances of surviving increase with decreasing
energy or decreasing scattering angle.

Understanding of the observed data is complica-
ted not only by the neutralization usually encoun-
tered in this energy range,” but-also owing to the
low energies and small impact angles by plural
scattering or surface channeling. Figure 4 shows
the ion yield from W(100) as a function of the
angle of the orientation of the plane of scattering
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relative to the crystal orientation. There is pro-
nounced “focusing” in the [100] and |110] surface
directions. The H' result is probably not due to a
change in ion survival probability since it can be
‘simulated by MARLOWE® without taking neutral-
ization into account. As expected, the effect is
less pronounced for the relatively smooth Ni(111)
surface.

The main exp

III. DISCUSSION

erimental information which we

have for understanding the survival or dissocia-
tion ofthe H," are the energy spectra. The energy
of a proton or hydrogen atom originating from a
dissociation process is given (in the laboratory

system) by
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FIG. 2. Part of the energy spectra of Fig. 1'in linear scale after background subtraction and normalizing the peak height.
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FIG. 3. Curves of constant ratio of backscattered ion
yield, H,* to H*+ H,*, as function of laboratory scattering
angle and primary energy of the incident Hy* ion. Lines
‘are drawn to guide the eye. '
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FIG. 4. Ion yield of H* and H,* from a W(100) surface
bombarded with Hy* at primary energy of 400 eV as a
function of the azimuthal angle ¢. Angle of incidence
.towards the surface ¥=15°, laboratory scattering angle
9=30°. At ¢=0° the plane of scattering is parallel to a
[100] surface direction, at ¢ =45° parallel to [110].
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Elab= éEbeam'*' éErep * (El:teamEre;:)l/2 cosf ’ (1)

where 9 is the angle between the beam direction
and the molecular axis, and E_, is the repulsive
energy acting between the particles resulting when
dissociation occurs. For two protons at the dis-
tance they have in anH," molecule, i.e., 1.06 f&,
one has E, =13.6 eV. In our experiment we face
the problem that the particles undergo several
collisions, such that dissociation may occur at
any point of the trajectory across the surface.
After dissociation further collisions of the product
particles can be expected. Finally, we measure
only the positive ions which survive, the flux of
neutral H and that of possibly existing H™ and H,
being unknown. Extrapolations from experiments
at higher energies give estimates for the charge-
state fraction (H*to H°+H*+H") in the 10 range;
for H- the value may be of the same order of mag-
nitude .2’ However, at low energies and grazing
angles the energy spectra are not necessarily
influenced by neutralization'® (see also Fig. 5
below). By varying the crystal thickness in the
computer experiment it becomes evident that only
the top two layers contribute significantly to
backscattering, e.g., in the open channel direc-
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FIG. 5. Comparison of spectra obtained from a calcu-
lation using the program MARLOWE(Ref. 8) (histograms)
with an experimental spectrum [line, 5(a)]. For the up-
per histogram [5(a)] an energy distribution is used for
the repulsion energy E,, of the dissociating molecule
(Fig. 6), for the lower part [5(b)] a constant energy
E ,=13.0eV.

tions [100], whereas in “random” directions es-
sentially all reflected particles have not penetrat-
ed beyond the top layer.

These observations allow the construction of a
program within the MARLOWE system to simulate
the effects of dissociation. This is achieved by
introducing mainly two new parameters, i.e., the
repulsive energy E . and a disintegration distance
D, The incoming particle has mass 2 and atomic
number 2. It scatters along the surface until it
crosses the plane located at the distance D above
the ion cores of the top layer. It then disintegrates
at the next collision. From there on the particle
will be a m =1, Z =1 particle. It initially has the
direction of the previous m =2, Z =2 particle,
but its energy and direction will be changed ac-
cording to formula (1), where 6 is selected at
random. It turns out that by varying the distance
D the survival rate of the m =2, Z =2 particle
can be adjusted, without great changes in the
energy spectra. By varying E_  the shape of the
energy spectra of the dissociated particles can be
formed.

The physical model justifying this approach
starts from the experimental observation that the
energy spectra obviously do not reflect a repulsive
energy of 13.6 eV [formula (1)], as is the case at
high energies,!'*'? where dissociation is caused by
Coulomb repulsion after the electron from H; is
lost. Secondly, we know from experience that
electron pickup is the most likely process in our
energy range. So roughly at about 2-3 A above
the surface the incoming ion(Hz’)will be neutral-
ized either into the ground state (Auger neutraliza-
tion) or into an excited state (resonance neutraliza-
tion).!® If the latter is antibonding, the molecule
will fall apart independently of further scattering
events; if not, subsequent collisions will provide
the opportunity for electronic, vibrational and
rotational excitation, which may lead to dissoc-
iation. All these effects are not included in our
simulation which provides a sufficiently random-
ized source of protons along the trajectories of
the incoming particle only.

As a result of the computer experiments Fig. 5
shows energy spectra in comparison with the ex-

- periment. The agreement between the experimen-

tal H* peak and the computed H peak is good, as
far as peak width and peak form are concerned,
for the case shown in Fig. 5(a). There the repul-
sive energy E_,, [Eq. (1)]is chosen at random
from an energy distribution which starts at zero
and falls off to higher energies according to a
gaussian distribution with a width 0=2.0eV. fis
chosen at random and the split occurs after
crossing the plane at D=1,20 A. This then re-
sults in a mean split distance of 1.04 A, with a
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FIG. 6. Distribution of repulsion energies E‘ep (dashed
line) used in Fig. 5(a) compared with the potential energy

of H, in the ground state and an excited state (thindashed
lines are vibrational levels).

rms deviation of 0,012 A. For comparison Fig.
5(b) shows the energy spectrum obtained for a
sharp energy E,, =13 eV. The two-peak structure
typical for a dissociation due to Coulomb explo-
sion!""1% prevails for all repulsion energies greater
than 0.5 eV, even when we choose an energy dis-
tribution around E . With0.5-1.0eV as repulsion
energy we could match the total width of the ex-
perimental spectra. Figure 6 shows the energy
distribution used for Fig. 5(a) which is a crude
approximation of any possible population of the
vibrational levels folded with an antibonding
potential curve.?® Inthe nomenclature of atomic
physics the process is called “dissociative re-
combination.”*® There is a spectrum of possib-
ilities to dissociate either H," or H,. The situation
is further complicated at the surface owing to the
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plural scattering and the possibility of deexcitation
via resonance ionization.!%1¢

The discrepancy between the simulated spectrum
and the experiment for the H,' peak [Fig. 5(a)] is
not surprising, since we actually made no attempt
to describe the molecular ion properly. - Never-
theless the experiment shows clearly that the H,"
molecule survives total energy losses (elastic
plus inelastic) which are large compared with the
dissociation energy [up to 100-eV energy loss
versus 2.65-eV dissociation energy,'” e.g., at
400 eV, Fig. 5(a)]. This observation has been
discussed previously.? ‘Within our model inelastic
loss mechanisms are possible via excited states
of the neutral molecule (excited states of the ion
are essentially unstable'*!%,) By a resonance ion-
ization process a transition from an excited
neutral into the groundstate of the molecular ion
may be possible.

The azimuthal dependence of the ion yields (Fig.
4) can partly be explained by the elastic scattering
process. The surface structure of the W(100)
causes “focusing” of the particles in the [100]

(¢ =0) and [110] (¢=45°) directions. This effect
is less pronounced for the relatively large H,"
molecules. With MARLOWE we can reproduce
the azimuthal H-intensity pattern in general
agreement with the experiment. However, the
maximum for ¢ =45° is about 0.15 of the max-
imum at ¢ =0° in contrast to the experiment,
where these are about of equal height. This dis-
crepancy suggests that there is also azimuthal
variation of the inelastic process, which may
enhance the H* yield in the [110] direction. This
could reflect variations in the ion yield of the H",
as observed at higher energies for Ar* scattered
from Cu, ' as well as a higher dissociation yield
of the H; in the “bumpier” [110] surface rows
(channels) in comparison with the [100] direction.
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