
Nuclear Instruments and Methods in Physics Research B 212 (2003) 291–296

www.elsevier.com/locate/nimb
Scattering of slow ions from insulator surfaces at the
example of molecular oxygen from LiF(1 0 0)

J.A. Scheer a,*, P. Wurz a, W. Heiland b

a Phys. Institut, Universit€aat Bern, CH-3012 Bern, Switzerland
b Universit€aat Osnabr€uuck, D-49069 Osnabr€uuck, Germany
Abstract

We scattered molecular oxygen ions at grazing incidence from a LiF(1 0 0) surface in the energy range from 880 to

3040 eV. About 50% molecular survival was obtained at the lowest primary energy of 881 eV and this dropped to about

4% at 3039 eV. Below 2 keV beam energy we found negative ion fractions of less than 2%, which increases up to 6% at

about 3 keV primary energy. The molecular survival is much higher whereas the negative ion fraction is much lower

compared to other insulating materials, i.e. diamond and MgO. The mean energy loss is found to increase linearly with

energy and is in the order of a few percent.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Interaction of atomic and molecular projectiles

with insulating surfaces of ionic crystals has gained
a lot of attention in recent years [1–7]. Reports

about the relative high fractions of negative ions

while scattering atomic and molecular ions from

insulating surfaces came quite unexpected but gave

ideas for several applications. We want to use this

process for the efficient detection of energetic

neutral particles in interplanetary and interstellar

space [8–10]. The mass spectrograph on the IM-
AGE satellite mission, designed to detect low en-
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ergy neutral atoms, uses a conversion surface of

volatile adsorbates on a polished W substrate to

convert a fraction of the incoming neutral atoms

to negatively charged ions [8,11]. For future mis-
sions, a conversion surface with better long-term

stability and without the need of continuous

preparation is desired. The understanding of the

interaction process between ions and insulating

surfaces is crucial to find a suitable surface. It is

expected that the neutral components of interstel-

lar gas consist mainly of H, He and O. We scat-

tered molecular oxygen ions from LiF(1 0 0) which
is an ionic conductor material with a very wide

bandgap of 14 eV and compare the results with

previous measurements, for instance molecular

hydrogen on LiF(1 0 0) [12] and molecular oxygen

on MgO(1 0 0) [9].
ved.
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Fig. 1. Energy spectra of O, O2 and O� for Oþ
2 incident on

LiF(1 0 0) at an angle of incidence of 5� for various primary

energies. The scattering angle is 10�. Each spectrum shows a

superposition of neutral O and O2 followed by an additional

peak of O� at higher energies due to an applied postaccelera-

tion voltage. The superposition consists of a narrow peak of

surviving molecules riding over a broad distribution of atoms

from dissociated molecules.
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2. Experiment

The experimental setup has been described
elsewhere in detail [13]. The apparatus consists of a

UHV chamber coupled to a low-energy ion ac-

celerator system. The accelerator system consists

of a plasma ion source where any gaseous ions can

be produced. The charged gaseous ions are then

energy and mass filtered by a magnet and the beam

is directed onto the sample placed in a UHV sys-

tem. A gas cell present between the analyzing
magnet and the target chamber is used to produce

neutral beams if neutral incident particles are used.

The base pressure in the target chamber is about

3 · 10�10 mbar, during the measurements it rises up

to about 1 · 10�9 mbar. The target is mounted on a

three-axis manipulator equipped with electron

beam heating. The temperature is controlled by a

thermocouple. For our experiments with LiF(1 0 0)
we use a target holder where we can mount two

targets in parallel as we already reported earlier

[14]. The targets are aligned with respect to the

vertical movement of the manipulator. That has

the advantage that all beam adjustments could be

made using a metal target, here a W single crystal,

without causing possible damage to the LiF(1 0 0)

sample or having problems with charging. Fur-
thermore, from earlier experiments [12] we learnt

that at temperatures above 250 �C LiF is a good

ionic conductor. Therefore, all measurements have

been done at a sample temperature of 300 �C to

avoid pileup of surface charges that otherwise will

deflect the incident ion trajectory. The energy of

the scattered particles is measured using a time-of-

flight (TOF) system. The TOF-beamline is fixed at
an scattering angle of 10� with respect to the pri-

mary beam direction and all measurements are

performed under specular reflection, i.e. a glancing

angle of 5� is used. Particle detection is achieved by

using a multichannel plate detector (MCP) with an

aperture of 1.2� (full width). By using an appro-

priate postacceleration voltage separation of neu-

tral and different charged particles could be
achieved.

The LiF(1 0 0) surface was sputtered slightly

with 1 keV Arþ at angles of incidence between 5�
and 15�. The target cleanliness was probed by the

TOF technique looking for recoil ions. Estel et al.
[15] showed earlier that the LiF surface is very

stable. At room temperature they showed no ad-

sorption on LiF when they tried to adsorb water.
3. Results and discussion

The measurements have been performed with

Oþ
2 incident on a LiF(1 0 0) surface along an ar-

bitrarily chosen direction, i.e. the sample has not

been aligned to any crystallographic direction,

with primary energies varying from 881 eV up to
3039 eV. Fig. 1 shows two spectra for different
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Fig. 2. Molecular survival fraction of O2 scattered from a

LiF(1 0 0) surface at 5� incidence angle and 10� scattering angle.
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primary energies. The spectra have been trans-

formed from time-of-flight spectra into energy

spectra. The distribution of the neutral particles

(O, O2) is on the lower energy side. The surviving
molecules form a narrow peak that rides over the

broad peak of the atoms from dissociated mole-

cules. Because of the dissociation energy released

during the dissociation process the high-energy tail

of the atomic peak exceeds the primary energy. On

the right hand side, at higher energies, a negative

atomic oxygen ion (O�) peak is seen. It has been

separated from the neutral peaks by applying a
postacceleration voltage. All energy spectra have

been taken with positive and negative postaccel-

eration voltage. Positive oxygen ions could be de-

tected only for the highest primary energies

investigated and their fraction was less than 1%.

Furthermore, we never saw any negative molecu-

lar oxygen ions (O�
2 ), which differs from previous

measurements on palladium or diamond [16].
The data were corrected for the relative detec-

tion efficiency of the MCP detector and then an-

alyzed as described in [17,18]. In addition, to fit the

atomic peaks a so-called exponentially modified

Gauss function (EMG) has been used, which is

basically a convolution of a gaussian peak with an

exponential function as proposed, for instance, in

[19]. The exponential part takes inelastic energy
losses of the particles into account, i.e. the lower

energy tails of the peaks (straggling). For mole-

cules, this effect has been neglected, which is sup-

ported by the energy loss we could detect for

molecules (Fig. 4); therefore a pure gaussian

function has been used. This is of course an ide-

alization but allows one to fit even spectra where

the atomic and the molecular peak are not so
distinct as in Fig. 1(a). Overall, the fitted distri-

butions match very well with the experimental

data.

Already from the ‘‘raw data’’ presented in Fig.

1, comparing the narrow peaks of the molecules in

Fig. 1(a) and (b), it is clear that for higher primary

energies the survival probability of molecules de-

creases remarkably. Fig. 2 shows the molecular
survival fraction as a function of primary energy.

From about 50% at 1 keV the fraction drops down

below 4% at 3 keV. Compared to a metal surface

this is quite a high survival fraction, for example
especially for low energies it is more than twice as
much as for scattering of Oþ

2 from a palladium

surface [13]. This higher dissociation on metal

surfaces is caused by electron capture into an an-

tibonding triplet state [20], which is comparably

unlikely on a wide bandgap insulator.

Furthermore, while scattering Nþ
2 from a pal-

ladium surface survival fractions have been found

which were even higher, i.e. about 70% at 1 keV.
From previous experiments we know that N2 dis-

sociates when scattered off metal surfaces by vib-

rational and rotational excitation only, which

means that there is no charge exchange involved in

the dissociation process [14]. Taken that into ac-

count, and also that the binding energy for N2 (226

kcal/mol) is about a factor of two larger than the

binding energy for O2 (118 kcal/mol) which results
in a higher survival probability for N2 compared

to O2, one can conclude that the dissociation

process for Oþ
2 scattered off LiF is also largely

driven by mechanical excitations of the molecule.

Dissociation via charge exchange cannot be ex-

cluded but is surely not the dominating channel.

Compared to other insulator surfaces there are

quite different results. While scattering of mole-
cules off a diamond surface shows a similar be-

havior (though lower yields of surviving

molecules) scattering experiments with magnesium

oxide (MgO) [9] and with barium zirconate (Ba-

ZrO3) [21] surfaces within the same primary energy

range revealed no surviving molecules at all. An

easy explanation would be a remaining surface

contamination in the two latter cases, i.e. an oxide
layer, but there might be other reasons as well.
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For Oþ
2 scattered off LiF(1 0 0) Fig. 3 displays

the charge state fraction of O� as a function of

primary energy. The relatively high values at the

two lowest energies are probably due to poor
quality of the spectra taken at primary energies

below 1 keV causing difficulties for the fitting

procedure. However, since these values were more

or less reproducible they are shown here. And for

the molecular survival fraction this uncertainty

does not play an important role. The negative ion

fraction rises from less than 1% at 1 keV to about

6% at 3 keV primary energy. The increase of the
negative ion fraction with increasing primary en-

ergy could already be derived from the comparison

of Fig. 1(a) and (b). This rise has also been ob-

served at scattering experiments with molecular

hydrogen off LiF(1 0 0) [12] and is also predicted

by theory [22,23]. Furthermore, the negative ion

fractions found at MgO [9], BaZrO3 [21] and alu-

minum-nitride (AlN) [24] show a similar tendency
but with values of 15–30%. Winter et al. [25] re-

ported negative ion fractions up to 60% while

scattering oxygen ions from LiF(1 0 0) but these

experiments were at much higher primary energies

and for an angle of incidence of about 1�. On the

other hand, at the low energy part their fractions

drop below 10%, which fit quite nicely to our data.

The charge capture from LiF is proposed to be of
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Fig. 3. Charge state fraction for O� at various Oþ
2 primary

energies scattered off a LiF(1 0 0) surface. No molecular nega-

tive ions could be detected. Positive ions were visible at the

highest primary energies but their fraction was well below 1%,

i.e. their distribution was hardly to separate from the back-

ground. Note that the relative high charge state fraction at the

two lowest primary energies might be caused by the poor

quality of spectra taken at primary energies below 1 keV which

increases the uncertainty of the fitting procedure.
a binary type of collisions between the anionic site,

F�, and the incident ion. Once the negative ion is

produced, due to the large bandgap of LiF (14 eV)

subsequent electron loss is not possible for the
negative ion in contrast to the situation on a metal

surface [1,22,25], with the possible exception of

surface states [26].

In Fig. 4 we present the measured energy losses

for dissociated atoms and surviving molecules as a

function of primary energy per ion. It was not

possible to get unambiguous values for the two

lowest energies so that, for clarity reasons, they are
not shown here and not considered in the follow-

ing discussion. For molecules as well as for atoms

the energy loss increases linearly with incident

energy. This is in good agreement with results re-

ported earlier [4,9,21,24,27]. For scattering of hy-

drogen there are reports that at low primary

energies the energy loss becomes almost constant

[12,28]. We did not observe this, maybe because of
the limits of our experimental setup. Compared

with the primary energy the energy loss of the

surviving molecules is about 2%. In general, up to

1% is attributed to elastic scattering and the rest to

inelastic effects, i.e. charge exchange, straggling

and so on. This result supports the concept that

the inelastic energy loss of a molecule has to be

very low because otherwise it will dissociate due to
electrical or mechanical excitations. Consequently,

for atoms we measured a relative energy loss of

more than 4%. This is in the region of hydrogen

measurements with LiF(1 0 0) (3–7%) [12], but it is
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Fig. 4. Energy loss of neutral oxygen ions at various primary

energies per ion. The relative energy loss (compared to the

primary energy) is for molecules about 2% and for atoms about

4%.
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very low compared to the scattering of oxygen

from MgO [9] and from BaZrO3 [21] where energy

losses of 12–20% have been found. However, the

results for MgO and BaZrO3 are also rather high
compared to results reported in literature for other

particles scattered from metallic surfaces [7]. On

the other hand, recent studies showed a ‘‘metal-

like’’ behavior of stopping at surfaces for ionic

crystals like LiF [29], which means in short that

there is no threshold effect for projectile stopping

with respect to ion energy or velocity caused by the

energy gap. This agrees pretty well with our mea-
surements. The authors argue that this ‘‘metal-

like’’ behavior appears when projectile and target

approach so close that molecular orbitals are

formed between projectile and target which lead to

electron promotion and finally to a reduction of

energy defects in comparison to the unperturbed

energy gap of the crystal. As necessary minimum

energy for this effect to take place they report 2
keV/amu. This is far more than the primary en-

ergies we used (�1–3 keV), but their measurements

have been done with an incident angle of about 1�,
so if we compare the components of the ion ve-

locities perpendicular to the surface we find very

similar results and can therefore assume similar

distances of closest approach between projectile

and target.
4. Conclusion

Scattering of Oþ
2 molecules from a LiF(1 0 0)

surface at grazing incidence has been studied in the

primary energy range 881–3039 eV. We found

large fractions of surviving molecules after scat-
tering, which dropped from about 50% at 1 keV

down to about 4% at 3 keV. The mean energy loss

of the dissociated atoms increases linearly and is of

the order of 4%, which agrees well with existing

theories. Within the energy range observed the

negative ion fraction increases with primary en-

ergy but is, at least compared with hydrogen

molecules, quite low, i.e. less than 2% below 2 keV
primary energy. This is much lower than for dia-

mond, AlN, BaZrO3 and MgO [9,14,21,24]. It

appears that there is a correlation between ion

fraction and secondary electron emission. LiF has
one of the lowest secondary electron emission co-

efficients of the insulators, MgO the highest [30].
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