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Neutralization of Fast Molecular Ions H2+ and N2+ at Surfaces
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(Received 3 April 1984)

Energy spectra of the products of surface scattering of H2+ and N2+ in the primary-beam
energy range from 200 to 600 eV are presented. Large neutral-molecular yields are observed
for incident N2+, i.e., beams of neutral molecules can be produced with optical properties
similar to that of the incident beam. The results provide a new experimental method to
study resonant and Auger-type processes in ion-surface charge-exchange events.

PACS numbers: 79.20.Rf, 34.70.+e, 61.80.Lj, 73.20.—r

The charge-exchange processes between particles
and solids are of great scientific and technical in-
terest. ' Among the processes discussed, the res-
onant charge exchange between valence-electron
states and atomic levels and Auger-type processes
between the same type of levels are the most
relevant. In the present work we demonstrate that
molecular-ion scattering may afford a unique possi-
bility to study the dependence on valence-electron
momentum and density of the resonant and Auger
transition-matrix elements over the complete width
of the valence band. Besides this special aspect our
results have also some importance for negative-ion
sources and atmospheric and astrophysical
processes, i.e., the interaction of molecular ions
with surfaces. The experiments also provide a
source of fast neutral molecules (around 100 eV) as
a beam with good "ion" optical properties. Beams
of this type may prove useful for the study of neu-
tral molecules and atom- or molecule-molecule in-
teractions. Furthermore, the production of exotic
neutrals is possible, whenever the ions can be pro-
duced in conventional ion sources.

Here we report results of scattering of H2+ and
N2+ from a clean Ni(111) target. The scattered par-
ticles, neutrals and ions, are analyzed by 'the time-
of-flight (TOF) mass and velocity spectrometer
described earlier. The experiment consists of an
UHV system incorporating an electrostatic energy
analyzer at 90' to the beam direction for ion-
scattering spectrometry (ISS),9 an ion-beam system
operating between 100 eV and 20 keV, and a TOF
system for particles scattered at grazing angles, i.e.,
impact (glancing) angles of 0-10' and a fixed scat-
tering angle of 10.5'. TOF spectra are taken with
post-acceleration to separate ions and neutrals

The energy spectra produced by H2+ at two dif-
ferent primary energies are shown in Fig. 1. Be-
sides surviving Hz+ and dissociated H+ (in agree-
ment with previous experiments' ' ), we observe
as expected H, but in addition'the neutral spectrum

contains a narrow peak, which can be identified as
H2 by comparison with the H2+ peak and from esti-
mates of the expected energy spectrum based on
conservation of energy and momentum. For binary
scattering the energy of the reflected particles is
given by E = Eof (S,A ), where Eo ——primary ener-
gy, 5=laboratory scattering angle, and 2 =mass
ratio. For dissociation it is Elab= 2 Ebeam+ 2 Erep
+ (Eb„E„,) ' cos8, where E„,= repulsive ener-

gy from dissociation, 0=angle of molecular axis
with beam. ' It is not seen with use of primary H+
beams. The neutral H2 peak is not predicted by
models for the interaction of swift molecular ions
with surfaces, '~' although recently the production
of slow H2 in ion sources due to ion-wall interac-
tions has been proposed. For dissociation by col-
lisions the elastic energy transfer is too low at the
energies and scattering angle discussed here. De-
sorbed H can also not cause the narrow peak ob-
served here. '

With N2+ the dominance of neutralization over
other processes is even greater (Fig. 2). At about
200 eV the spectrum shows mainly the neutral N2
peak with a ratio of about 10:1 over N. The experi-
mental errors in the detector sensitivity calibration
cause an error of + 20'/0 of the N2/N and H2/H ra-
tios.

An explanation for these observations may be
given by an extension of the present charge-ex-
change models between solids and atoms' to the
case of molecules, and is analogous to that explain-
ing atom —molecular-ion dissociative charge-capture
experiments. ' With atoms the most important
processes are resonant and Auger-type processes.
The ionization energies of the molecular states in
question as a function of the internuclear dis-
tance, ' ' and a simplified band structure of Ni, are
shown in Fig. 3. (Level broadening and shifting'
of the order of 0.5 eV will not change the following
discussion. ) With H2 as the final product mainly
the ground state X'X~+ and the nonbonding triplet
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FIG. 1. Energy spectra of 260- and 590-eV H2+ backscattered from Ni(111); glancing angle 5', scattering angle 10'.
The spectra of neutral molecules (solid triang/es) were obtained by subtraction.

state b X„+ will be important for charge capture.
The c H„state, which is known to decay radiatively
and to predissociate rotationally, or the a Xg+ state
(almost energetically equal to c311„),which dissoci-
ates radiatively, are rather high-lying states com-
pared to the edge of the occupied Ni band. There-
fore the electron transitions into b X+ and X'Xg+

are expected to dominate. Since the spatial extents
of the wavefunctions of 'X„and 'X, are essentially
identical, electronic interactions with each state will

occur in the same spatial region, so that a sequential
model, e.g. , resonant filling of 3X„ first followed by
Auger capture into 'Xg, as recently proposed for
H2, cannot be applied. The electron capture into
X„will therefore be the main cause of dissociation,

and Auger capture into 'Xg the primary mechanism
for neutral H2 formation.

On the other hand N2 allows no electron capture
into an antibonding state under the assumption
of conservation of the core-electron configuration.
Only if during the particle-solid interaction one of
four 1m„electrons is excited are the dissociative
states Xg+ and X„+ accessible. With the assump-
tion that the N2+ is in the X Xg+ state, the binding
states accessible by single-electron capture are the
ground state X'Xg+, B Hg a Hg and Rydberg states
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like E Xg+. The latter has an ionization energy of
3.7 eV, i.e. , it lies above the Ni band. The B IIg
and a IIg states may dissociate if sufficiently vibra-
tionally and rotationally excited (t/=12 and 6,
respectively). 2a Some of the observed atomic parti-
cles may also be due to dissociation of long-lived
excited molecular ions. We know from spectro-
scopic studies ' that the N2+3 II„exists in the
beam, but on the assumption that one third of the
N2+ are generated in the 3 II„state in the source,
only 2% are left at the target. Other excited ions,
e.g. , N2+ B X„+, are negligible components in the
beam as a result of the length of the flight path
from the source to the target (1.48 m). Primary ex-
cited neutrals are not present as a result of 90' mag-
netic deflection of the primary beam. Combined
together, the above arguments explain the forma-
tion of neutral atoms and molecules and the strik-
ing difference between N2+ and H2+.

As Fig. 3 suggests, the dissociative scattering of
molecular ions gives the possibility of studying how
the probability for transitions between the metal
band and a molecular state depends on the va-
lence-electron momentum and density in the band.
The atomic energy spectra of Figs. 1 and 2 contain
direct information about the transition-matrix ele-
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FIG. 2. Energy spectra of 195- and 295-eV N2+ back-
scattered from Ni(111); glancing angle 5', scattering an-

gle 10'. The spectra of neutral molecules were obtained

by subtraction.

FIG. 3, Simplified band structure of Ni, and ionization
energies vs internuclear distance for the most important
states of H2 and N2, neglecting level shifts in the near-
surface region.

ment in a way not accessible with primary atomic
ions. ' From conversion of the laboratory-energy
spectra to the center-of-mass repulsive-energy dis-
tributions we can extract essentially the square of
the matrix element. The probability for a given
repulsive energy to occur is essentially dependent
on the primary vibrational population of the molec-
ular ion state, on the shape of the antibonding po-
tential curve, and on the square of the matrix ele-
ment in question. ' A second interesting aspect is
the comparison of neutral atomic and neutral
molecular yields. If the survival of once-formed
neutral molecules is not changed by elastic or in-
elastic effects, the yield ratio ought to provide in-
formation on the ratio of the transition probabilities
into a state facing the band of the solid and to a

state lying below the band (Auger-type transition).
At the present stage of our analysis we can exclude
the elastic effects' as a result of the low energies
and small scattering angles used; inelastic effects, '

ho~ever, are difficult to exclude, as is whether the
molecules appear to scatter as one or as two parti-
cles.
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