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Abstract

Neutral particle imaging in the low-energy range will, when employed in future spacecraft missions, potentially

contribute to enlarging our knowledge about the origin and evolution of our universe. The main di�culty for a neutral

particle detector in this energy range is that the incoming neutrals must ®rst be ionized such that they can be mass- and

energy-analyzed by conventional methods. In this paper, we report on the ®rst observation of the formation of neg-

atively charged ions upon re¯ection from a barium zirconate surface. Experiments were performed at two di�erent

setups, one of them including a time-of-¯ight (TOF) measurement of the specularly re¯ected particles, the other one

allows position-resolved detection. We measured high fractions (22±35%) of negative ions and no positive ions when

scattering O�, O0, O�2 and O0
2 at 500±3000 eV primary energy per atom o� a BaZrO3 surface. When scattering H�, H�2

and H0
2 at 300±1500 eV per atom o� the BaZrO3 surface, 3±5% of the particles were converted into negative ions and 2±

8% into positive ions. Our results suggest a complete memory loss of the incident charge state. Scattered molecules

dissociated almost completely. The mean energy loss was proportional to the incident particle energy. BaZrO3 therefore

meets the most important requirements for application on a space platform. Ó 2001 Elsevier Science B.V. All rights

reserved.

PACS: 78.70.±g; 61.18.Bn
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1. Introduction

Knowledge about the origin and evolution of
our solar system, our galaxy, and the universe can
be achieved by determining the composition of
matter. The measured abundances of the elements
and isotopic ratios help constrain cosmological
models. The composition of our solar system
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reveals interstellar matter of the proto-solar neb-
ula some 4.5 billion years ago. A sample of the
present-day galaxy with reliable observations of a
number of important elemental and isotopic
abundance ratios is missing.

Unlike the ionized component of the interstellar
gas, which is excluded from penetrating inside the
heliosphere by the solar wind plasma, the neutral
component of the interstellar gas can penetrate
deeply into the heliosphere and therefore, some of
its components can be measured even as close to
the sun as the Earth orbit. This yields direct in-
formation about the composition of the local in-
terstellar medium. Moreover, energetic neutral
particles (expected energy range is 0.1±5 keV),
which are produced by charge-exchange between
interstellar neutral gas and heliospheric particles
can be measured. A two-dimensional image of the
neutral ¯uxes helps infer the interaction processes
between the local interstellar medium and the he-
liospere. We expect to detect mainly atomic par-
ticles (mainly H, He and O) since they are much
more abundant than molecules in the local inter-
stellar gas [1] or in planetary magnetospheres [2].

However, in a neutral particle detector, the in-
coming neutrals must ®rst be ionized such that
they can be mass-analyzed by conventional meth-
ods. Neutral particle imaging in the low-energy
range requires e�cient ionization methods since
the expected ¯uxes are very small. Surface ioniza-
tion was identi®ed as the only viable ionization
technique to meet the requirements concerning
ionization e�ciency for the energy range 10 eV±1
keV within the limitations imposed by the re-
sources (space, weight, power, etc.) available on a
satellite [3]. It was concluded that the detection
e�ciency should exceed 1%, should be uniform
over large areas, and should exhibit good long-
term stability during the mission duration. Surface
ionization introduces new demands on the design
of the mass spectrometer and requires the devel-
opment of new analyzer elements with matched
ion optical properties. An instrument meeting
these demands has been described recently [4,5]
and is currently operating successfully on the
IMAGE satellite [2]. Surface ionization was
studied extensively for low work function surfaces
[6±8] with the low work function of the surfaces

established by coating a typical metal with an al-
kali or an alkaline-earth overlayer [9,10].

Preparing such coated metal surfaces with suf-
®cient quality and reproducibility in an instrument
on a spacecraft turns out to be quite involved [11].
Thus, we focused our research on insulating sur-
faces [12,13], which yield reasonable results with-
out preparation in space. These surfaces are much
easier to handle than the rather involved coated
tungsten surfaces, which is of great importance for
an application on a spacecraft.

In the present work, we present the experi-
mental results for the negative and positive ion
fractions we obtained when scattering hydrogen
and oxygen particles o� a BaZrO3 surface. In ad-
dition, we report on the energy loss the projectiles
experience upon scattering.

2. Experimental setup

The measurements reported here were made in
part at the University of Bern and in part at the
University of Osnabr�uck. The two setups will both
be described brie¯y. More detailed information on
the experimental setups at the University of Bern
and at the University of Osnabr�uck can be found
in [13] and [14], respectively.

The investigated scattering surface was a Ba-
ZrO3 ®lm of about 20 nm thickness deposited on
W(1 1 0) using the pulsed laser deposition method
[15]. A KrF excimer laser (248 nm wavelength, 30
ns FWHM pulsewidth) was focused onto the Ba-
ZrO3 target inside a vacuum chamber (base pres-
sure 2� 10ÿ7 mbar) to provide the material to
coat the W(1 1 0) crystal. Typical focal spot areas
were 5� 10ÿ6 m2 with an average laser pulse en-
ergy of 0.50 J/pulse. The laser was incident on the
BaZrO3 target at an angle of 45°. During the ®lm
growth, the substrate temperature was held con-
stant at about 400°C and the background pressure
was 0.070 mbar (oxygen). 300 laser shots of Ba-
ZrO3 were deposited, resulting in 15±20 nm ®lm
thickness, and then cooled to room temperature in
1 bar of O2. Analytical characterization of the
crystal structure was performed using X-ray dif-
fraction (XRD). Upon receipt from the vendor,
the 12 mm tungsten crystal had an RMS rough-
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ness of 3.3 nm, as measured by atomic force mi-
croscopy over a typical 5 lm area. After cleaning
and colloidal silica polish, the RMS roughness was
0.45 nm, and following BaZrO3 deposition it was
1.0 nm.

2.1. Bern experiment

The experiment ILENA at the University of
Bern (see Fig. 1) consists of an ion source, a beam-
guiding system, a sample stage with housing and
with an alkali dispenser unit (not used for this
study), and a detection unit. All these units are
contained in a single vacuum chamber pumped by
a turbomolecular pump. Ions are formed in an
electron-impact ion source (Nier type), with the
intensity of the primary ion beam of �10 fA.
Molecular ions of hydrogen and oxygen were used
because they can be produced far more e�ciently
in this system. The ions are then de¯ected in a 90°
cylindrical analyzer with an energy width of the
ion beam at the sample of DE=E � 1% (FWHM).
The energy analyzer focuses the ion beam on the
entrance aperture of the sample housing. Two di-

aphragms limit the beam size to £ 1 mm and the
beam divergence to 1°. The impact angle of the ion
beam on the conversion surface can be chosen
between 90° and 0° with respect to the surface
normal. The re¯ected beam is recorded with a two-
dimensional position-sensitive MCP detector with
a viewing angle of �12:5° in azimuthal and �12:5°
in polar direction. A retarding potential analyzer
(RPA) consisting of three grids is mounted in front
of the MCP detector. The detector unit, including
the RPA, is shielded electrostatically and can be
rotated independently from the converter surface
around the same axis. The outer grids of the RPA
are grounded to shield the inner grid, which can be
biased to suppress positive ions. An additional
grid in front of the MCP detector at negative po-
tential with respect to the MCP detector serves to
reject secondary electrons originating from the
preceding grids and the converter surface. The
MCP detector may be ¯oated at a high negative
voltage with respect to the converter surface to
eliminate negative particles.

After baking out the vacuum chamber, a re-
sidual gas pressure of 5� 10ÿ8 mbar is achieved.

Fig. 1. Experimental setup at the University of Bern.
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During operation, the pressure may rise into the
low 10ÿ7 mbar range as a result of the test gas
leaking into the ion source chamber. The sample
can be heated in order to remove adsorbates from
the surface.

2.2. Osnabr�uck experiment

The experimental system JUSO at the Univer-
sity of Osnabr�uck (Fig. 2) is a UHV system with a
base pressure in the low 10ÿ9 mbar range. Primary
ions are extracted from an ion plasma source and
mass-analyzed by a 90° sector ®eld magnet. With
an electric de¯ection system in front of the ana-
lyzing magnet, the primary beam can be pulsed to
allow time-of-¯ight (TOF) measurements. The
scattering surface is mounted onto a three-axis
manipulator equipped with electron beam heating.
A thermocouple is used for temperature control.
Downstream from the target, the TOF tube is
mounted at a ®xed scattering angle of 10°. Scat-
tered ions are separated from scattered neutral
particles by a postacceleration voltage. In the de-
tector, a microsphere plate is used. The angle ap-
erture for detection is 1:2°.

Neutral primary particles are produced by
neutralization of the primary ion beam in a gas cell

which is placed behind the analyzing magnet and
in front of the target chamber. We almost never
observed any recoil atoms in the TOF spectra.

3. Results

Fig. 3 shows the TOF spectrum for a 787 eV
primary H�2 beam re¯ected from the BaZrO3 sur-
face at a scattering angle of 10° and postacceler-
ated with ÿ1200 V. The charged particles therefore
appear at smaller TOFs, corresponding to their
higher energies. We could not identify a H0

2 peak,
which would appear at the same TOF as the H0

peak, but would be narrower and thus clearly
distinguishable [16,17]. As can be seen from the
small H�2 peak also, almost all molecular ions
dissociated. We used molecular neutral and posi-
tive primary hydrogen beams in the energy range
550±3000 eV. The fraction of detected H�2 mole-
cules in the scattered beam was always less than
1% for primary energies below 1000 eV and for
higher energies, no molecular ion peak appeared in
the TOF spectrum. When applying a positive
postacceleration voltage, only the H0 and the Hÿ

peak were observed.
Molecular neutral and positive primary oxygen

beams from 1000 to 3100 eV were produced. Fig. 4

Fig. 2. Experimental setup at the University of Osnabr�uck.
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shows a TOF spectrum for a 3082 eV primary O�2
beam scattered o� the BaZrO3 surface and accel-
erated with +2000 V. Only the O0 and Oÿ peaks
can be identi®ed in Fig. 4. For a negative postac-
celeration voltage, the detected beam seemed to
consist only of neutral atoms. We never found any
molecular peak in the TOF spectra, which means
that all oxygen molecules dissociated during the
scattering event on the BaZrO3 surface.

We also scattered atomic hydrogen (950±1500
eV) and oxygen (700±3050 eV) primary particles.
From the recorded TOF spectra, we calculated the
mean energy loss upon re¯ection from the BaZrO3

surface for all primary particles. These results are
shown in Figs. 5 and 6 for hydrogen and oxygen,
respectively. It can be seen from Figs. 5 and 6 that
the energy loss is the same for neutral and posi-
tively charged primary molecules and atoms when
plotted versus primary energy per atom. For hy-
drogen, the mean energy loss amounts to 12% and
does not seem to depend on the outgoing particle

charge state or energy. For oxygen, we found a
slight but signi®cant di�erence in the energy loss of
neutral and negatively charged atoms after re¯ec-
tion from the surface. The neutral atoms and the
negative ions lost 15% and 18%, respectively, of
their primary energy.

Fig. 7 depicts the ®ts to the measured energy
distributions of the outgoing particles for a 1450
eV primary H0

2 beam re¯ected from BaZrO3 at a
scattering angle of 10°. The thin lines are the H�

and Hÿ distributions scaled to the height of the H0

curve. After re¯ection, the energy distributions
were essentially the same for neutral, positively
and negatively charged hydrogen particles. This
corresponds well to the results of the mean energy
loss, which came out the same for all primary
hydrogen particles.

By contrast, for oxygen, the energy distribu-
tions were di�erent for outgoing neutral and neg-
atively charged particles. This can be seen from
Fig. 8, which shows the ®ts to the measured en-
ergy distributions of the outgoing particles for an

H0

0H

2H+ H+

H+

2H+

Fig. 3. TOF spectrum for primary H�2 ions re¯ected from a

BaZrO3 surface at an incoming angle of about 5° (as measured

from the surface plane) at 787 eV energy and a ÿ1200 V post-

acceleration voltage. Upper panel: linear scale; lower panel:

logarithmic scale. Few surviving H�2 molecules could be de-

tected.
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Fig. 4. TOF spectrum for primary O�2 ions re¯ected from a

BaZrO3 surface at an incoming angle of about 5° (as measured

from the surface plane) at 3082 eV energy and a �2000 V

postacceleration voltage.
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incoming 3033 eV O� beam. The thin Oÿ line is
scaled to the height of the O0 curve. The shape of
the energy distribution of the negative oxygen at-
oms does not correspond with that of the neutrals.
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Fig. 6. Primary O0 (diamonds), O� (triangles), O0
2 (circles) and

O�2 (squares) at 500±3000 eV per atom were scattered o� a

BaZrO3 surface at 10° scattering angle. The ®gure shows the

mean energy loss measured for outgoing O0 (®lled symbols) and

Oÿ (open symbols). Negative ions lose more energy than neu-

trals, but the energy loss does not depend on the primary par-

ticle type. The solid and dashed lines are ®ts to the data points

of neutrals and negative ions, respectively.
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Fig. 7. Fits to the measured energy distributions for neutral

(solid line), positive (pointed lines) and negative (dashed lines)

hydrogen particles after re¯ection for a H0
2 primary beam at

1450 eV impinging on a BaZrO3 surface at an incoming angle of

about 5°, as measured from the surface plane. The thin lines are

the positive and negative ion distributions scaled to match the

neutral atom distribution. Within the experimental uncertainty,

the curves are the same.
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They both end at the same maximum energy,
which is clearly shown by the logarithmic plot in
the lower panel, but the Oÿ distribution deviates
from the O0 distribution.

The angular scatters in azimuthal and polar
directions were measured at the University of Bern
and are shown in Fig. 9 for a 780 eV primary O�2
beam. It was 19° and 13° at FWHM in azimuthal
and polar directions, respectively. We also calcu-
lated the re¯ection e�ciency, i.e., the number of
particles scattered inside the detection area divided
by the total number of particles re¯ected from the
sample. We obtained about 7%. The same mea-
surement was performed some years ago and
showed a much narrower scattering (10° and 7° at
FWHM in azimuthal and polar directions), which
can be seen in Fig. 10. The re¯ection e�ciency was
about 20% at that time, which shows that the
sample was originally very smooth but it had
su�ered from experiments performed since then.

The positive charge state fractions for hydro-
gen, i.e., the fractions of positively charged parti-
cles in the re¯ected beam, were only measured at
the University of Osnabr�uck. The results are
plotted against primary energy per atom in Fig. 11.
The data were corrected for the relative detection
e�ciency of the MSP detector at the particle en-
ergy. Primary H0

2 (open circles), H�2 (®lled circles)
and H� (triangles) from �300 to �1500 eV were

Fig. 9. Angular scattering for a 780 eV O�2 primary beam at 82° incidence angle (as measured from the surface normal) measured at the

University of Bern, March 1999. The measured scatterings at FWHM are 19° and 13° in azimuthal and polar directions, respectively,

and the re¯ection e�ciency was about 7%.

Fig. 8. Fits to the measured energy distributions for neutral

(solid line) and negative (pointed line, thin pointed line: scaled

to match neutrals) oxygen particles after re¯ection. The primary

beam was a 3033 eV O� beam impinging on a BaZrO3 surface

at an incoming angle of about 5° as measured from the surface

plane. The di�erence in energy loss upon scattering between

neutrals and negative ions can be seen clearly.
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scattered o� the BaZrO3 sample. At 300 eV, only
about 2% of the detected particles were positively
charged, but this fraction increased with energy
and at 1500 eV, we measured about 8% positive
ions. The uncertainties of the JUSO results are
higher than those of the Bern results because we

had to consider the relative detection e�ciency
values at two very di�erent energies (for the neu-
tral particles and for the postaccelerated ions). The
relative errors might amount to about 30% for
energies below 1000 eV and become smaller with
increasing energy because the relative detection
e�ciency curve ¯attens. Within the measurement
uncertainties, we got the same fractions of positive
ions using primary H0

2, H�2 and H� particles.
The negative charge state fractions, i.e., the

fractions of atoms or molecules that were nega-
tively ionized upon re¯ection, were obtained from
measurements at the University of Osnabr�uck and
from experiments at the University of Bern. The
two di�erent sets of measurements were compared
to each other.

Fig. 12 shows the negative charge state frac-
tions for hydrogen plotted versus primary energy
per atom. H0

2 (open circles), H�2 (®lled circles) and
H� (triangles) at �200±1500 eV primary energy
per atom were produced in the JUSO apparatus
and H�2 (squares) in the ILENA apparatus. Like
the positive charge state fractions, the negative
charge state fractions do not depend on the pri-
mary particle type. We found the same fractions of
negative ions in the re¯ected beam for primary H�2 ,
H0

2 and H� particles. The measurements made with
the ILENA apparatus were corrected for the dif-
ferent detection e�ciencies for neutrals and ions,
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Fig. 10. Angular scattering for a 780 eV O�2 primary beam at 82° incidence angle (as measured from the surface normal) measured at

the University of Bern some years ago shortly after sample preparation. The measured scatterings at FWHM were 10° and 7° in

azimuthal and polar directions, respectively, and the re¯ection e�ciency was about 20%.
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for the dissociation of the primary molecules, and
for contamination of our negative ion signal by
performing measurements with noble gases, which
do not form negative ions [18,19]. The results ob-
tained with the JUSO apparatus and the ILENA
apparatus agree well with each other within the
measurement uncertainties. We note that for the
JUSO apparatus, the incidence angle with respect
to the surface normal was about 85° given by the
®xed scattering angle of 10°. For the ILENA ap-
paratus, we varied the incidence angle from 78° to
87° and we did not observe a signi®cant depen-
dence of the negative charge state fraction on the
incidence angle. The fraction of negatively charged
hydrogen particles increases somewhat with ener-
gy. It is about 3% at 200 eV and reaches about 5%
at 1500 eV. The estimated errors of the ILENA
results are all approximately the same and are in-
dicated just for a single data point for clearness of
the ®gure.

As was mentioned above, we never detected any
positive oxygen ions in the beam after re¯ection
from our BaZrO3 surface for primary energies in
the range 1000±3000 eV (JUSO apparatus). The
results for the negative charge state fraction plot-
ted versus primary energy per atom are shown in
Fig. 13. We scattered O� (®lled triangles), O0

(open triangles), O�2 (®lled circles) and O0
2 (open

circles) o� the BaZrO3 surface in the JUSO ap-
paratus and positive primary molecules in the
ILENA apparatus, where we varied the incidence
angle from 78° to 87° as we did for the hydrogen
measurements. As can be seen from the Osnabr�uck
results, the fraction of negative oxygen atoms in
the re¯ected beam does not depend on whether the
primary particles were neutral or positively
charged. When using molecular primary particles,
we found a negative ion fraction of about 22% in
Bern and 26±31% in Osnabr�uck. For atomic pri-
mary beams we got about 35% negative ions.
Moreover, we found constant negative charge
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state fractions at the University of Bern, while
those obtained at the University of Osnabr�uck
increase slightly with energy.

4. Discussion

The negative charge state fractions for primary
H�2 particles obtained at the two laboratories
agreed well with each other. We also found from
measurements with the JUSO apparatus that the
measured fractions of negative and positive ions in
the scattered beam did not depend on whether
primary H�2 , H0

2, H� or H0 were used. This sug-
gests a complete memory loss of the incident par-
ticles. A complete memory loss of the incident
charge state was reported for other projectile±
target combinations, in particular for scattering
ions o� metal surfaces [6], and also for scattering
oxygen particles o� a semiconductor like silicon
[20]. The memory loss can be explained by e�ective
neutralization of the ions when approaching the
surface. On the incoming trajectory, incident
molecules could dissociate due to electronic exci-
tation, resulting from capture of the neutralizing
electron into an antibonding state. The measured
fractions of positive and negative ions in the
scattered particle ¯ux are then most probably es-
tablished on the outgoing trajectory.

When scattering O�2 , O0
2, O� and O0 o� the

BaZrO3 surface in the JUSO apparatus, we never
found any positive ions or surviving molecules in
the scattered beam. We found somewhat higher
negative ion yields for primary atoms than for
primary molecules. This might be due to an in-
complete dissociation of the molecules before hit-
ting the surface. Some molecules could dissociate
only upon collisions with the surface atoms and
the charge state of the outgoing particle will then
depend on whether primary atomic or molecular
particles were scattered because of their di�erent
electronic con®gurations. Since we did not observe
any scattered oxygen molecules in our TOF spec-
tra, we have to assume that they dissociate e�ec-
tively on their way from the surface to the
detector.

The lower ion yields for primary O�2 obtained
with the ILENA apparatus compared to those

obtained with the JUSO apparatus might be a
consequence of the di�erent residual pressures in
the two vacuum chambers. In the ILENA appa-
ratus, the pressure was about 10ÿ7 mbar. This
situation is what has to be expected onboard a
satellite as the pressure inside an instrument will be
of the same order. In the JUSO apparatus, the
measurements were performed at a residual gas
pressure of about 10ÿ9 mbar. Though we heated
the sample before performing measurements, it
could be contaminated in the ILENA apparatus.
Adsorbates could modify the surface band struc-
ture and thus a�ect the charge exchange process
between projectile and surface. At the JUSO, we
never observed any recoil atoms in the TOF
spectra, which is a strong evidence that the surface
was clean. Furthermore, the JUSO results suggest
an increase of the negative oxygen ion fraction
with energy while the respective ILENA values
remained quite constant. At present, we are not
able to give a good explanation about this di�er-
ence. We considered the di�erence in the detection
angle aperture (JUSO: �0:6°; ILENA: �12:5° in
azimuthal and polar directions) by dividing the
position-resolved image recorded in the ILENA
apparatus into subareas with respect to outgoing
angle or specular re¯ection. According to our
present understanding of the two experimental
setups, the collection angle di�erence cannot ac-
count for the di�erences in the measured ion
fractions but further measurements will be done to
con®rm this. We also considered in detail the
electronic registration equipment at the two sites.
Possibly, the di�erent vacuum conditions can ac-
count for these di�erences. For data evaluation of
a future space mission, it will be crucial to know
the ionization e�ciency as a function of energy.
From the ionization e�ciency together with the
re¯ection e�ciency and the energy loss one can, in
principle, calculate the number of particles at a
certain energy entering the instrument, i.e., the
abundances of the species of interest in space.

Several theories exist for surface ionization. A
study of negative ion formation upon re¯ection
from low work function metal surfaces is given in
[8] and explains the experimental results for low
work function surfaces pretty well. When ap-
proaching a metal surface, the a�nity level of an
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atom undergoes a downshift and broadening close
to the surface because of the interaction with the
induced image charge in the metal. Once the po-
sition of the a�nity level gets close to the Fermi
level of the metal, resonant one-electron tunneling
between the metal and the atom state will populate
the negative ionic state. Since a�nity levels of at-
oms are of the order of 1 eV, the work function of
a metal (usually around 5 eV) has to be lowered by
the application of a thin overlayer of an alkali
metal or an alkali-earth metal to obtain appre-
ciable yields of negative ions [6,10]. Unfortunately,
we do not know the surface and volume band
structure of the BaZrO3 sample used for our
measurements. But according to the constituent
elements, the bonding will be, in part, covalent
with a considerable ionic part. Thus, the binding
energies of the valence band electrons will be much
larger than about 1 eV, more likely around 5 eV,
and there will also be a considerable bandgap, i.e.,
no empty electron states above the valence band,
which could provide electrons for tunneling pro-
cesses. The BaZrO3 surface can therefore certainly
not be treated like a free-electron metal.

During the past years also, theories for the
formation of negative ions upon scattering o�
ionic crystals have been proposed. High ion yields
and kinetic resonances for fast ¯uorine ions and
atoms scattered o� LiF(1 0 0) and KI(1 0 0) were
found [21] and could be reasonably well described
by the theory [22]. In [22], a binary encounter
model is considered, where a valence electron can
be transferred to the projectile as it interacts with
an Fÿ anion. The energy di�erence between the
initial state (before electron transfer) and the ®nal
state (after electron transfer) is calculated, taking
into account the interaction between the ionized
projectile and the hole left at the surface. The in-
¯uence of the Madelung potential of the crystal on
the negative ion leads to a considerable downshift
of the a�nity level of the projectile. The proba-
bility for a particle to be negatively charged on the
outgoing trajectory increases with increasing ef-
fective number of binary collisions and thus, at
grazing incidence angles. Recently, a theory based
on the same binary encounter model has been
proposed [23], which explains negative ion pro-
duction from ¯uorine particles scattered o� a MgO

surface quite well. The authors [22,23] can explain
the experimentally found high increase of the
negative ion fraction with energy while the de-
crease at higher energies is not predicted by the
current models as electron loss processes are not
included. Electron loss processes for scattering o�
an insulator will be very di�erent from the case of
a metal target owing to the bandgap and possible
surface states. The above models should work for
ionic crystals in general. Kinetic resonances of
negative charge state fractions have also been ob-
served for oxygen and hydrogen scattered o� a
LiF(1 0 0) surface [24]. However, our results do not
show any kinetic resonance in the investigated
energy range (oxygen: 500±3000 eV per atom; hy-
drogen: 300±1500 eV per atom).

The results in [21] could also be qualitatively
explained by a new theory [25]. The theory is de-
veloped from a Newns±Anderson Hamiltonian,
whose parameters are chosen according to the
surface and projectile. There is an e�ective band
broadening of the solid's surface density of states
as seen from the moving particle. When the par-
allel velocity is large enough so that the broadened
and shifted a�nity state overlaps with the ex-
tending valence band, the capture probability be-
comes di�erent of zero. The capture probability
decreases as soon as the electrons of the ion can
populate the conduction band, which is also
broadened as seen from the moving ion. The
model predicts a strong dependence of the ion-
ization probability on the parallel velocity of the
moving ion, while the perpendicular velocity
component has a smaller in¯uence. As this model
should work for metals as well as for semicon-
ductors and insulators, our results seem to be in
contrast to the predicted kinetic resonance. In our
experiment, the parallel velocity component is
proportional to the total particle velocity since the
scattering angle remains constant. Thus a kinetic
resonance related to parallel velocity should also
appear when the data are plotted versus total
energy. We only found small variations of the Oÿ

and Hÿ fractions with energy when scattering
oxygen and hydrogen particles o� BaZrO3.

The mean energy losses found for hydrogen and
oxygen particles scattered o� a BaZrO3 surface are
due to inelastic scattering. The elastic energy losses
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upon binary collisions with a surface atom would
not exceed about 1%. We measured a rather high
energy loss compared to results reported in liter-
ature for other particles re¯ected from other clean
surfaces [14,26,27]. This might be related to the
high surface roughness of the BaZrO3 sample used
for this study.

The fact that the mean energy loss of hydrogen
particles does not depend on whether we used
primary H�2 , H0

2 or H� is consistent with the pro-
posed complete dissociation and complete neu-
tralization of the molecules on the incident particle
trajectory. We note that in the interstellar gas and
in the heliosphere, atomic particles are much more
abundant than molecules, which means that the
latter can be neglected. Hence, a memory loss of
the initial particle state hardly a�ects data evalu-
ation related to a future space mission.

The measured higher energy loss for negative
oxygen ions compared to neutrals cannot be ex-
plained by current theories. The di�erence cannot
be due to surface charging because the whole en-
ergy distribution of ions should then be shifted
towards higher energies. As can be seen in Fig. 8,
the curves of Oÿ and O0 end at the same maximum
energy but the shapes di�er. Moreover, surface
charging would also be observable when scattering
hydrogen, which is not the case. We also consid-
ered the relative detection e�ciency but it cannot
account for the di�erent energy distributions.

5. Conclusions

We measured high fractions (about 22±35%) of
negative ions and no positive ions when scattering
oxygen particles at 500±3000 eV primary energy
per atom o� a BaZrO3 surface. When scattering
hydrogen particles at 300±1500 eV per atom o�
the BaZrO3 surface, about 3±5% of the particles
were converted into negative ions and about 2±8%
into positive ions. There is strong evidence for a
complete memory loss of the incident charge state.
Scattered hydrogen molecules dissociated almost
completely (>99%) and we observed no surviving
oxygen molecules. The variation of the ion frac-
tions with energy will probably be small within an
environment as present in a satellite instrument.

The mean energy loss was proportional to the
incident particle energy. We measured 12% for
outgoing H�, H0 and Hÿ, 15% for O0 and 18% for
Oÿ.

We conclude that BaZrO3 is a promising ma-
terial for application on a space platform. It meets
the most important requirements and seems better
than AlN [12] concerning the conversion of hy-
drogen atoms.
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