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Abstract. Angular distributions and yields of uranium sputtered by slow highly charged Xeq+ ions (kinetic
energy 1.5 keV ≤ Ek ≤ 81 keV, charge state 1 ≤ q ≤ 25) from UO2 were measured by means of the catcher
technique. A charge state effect on the sputtering process is observed at 8 and 81 keV. A deviation from a
A cos θ shape (the linear collision cascade theory) is observed in case of Xeq+ impinging a UO2 surface at
Ek = 8 keV. Yields increase linearly with projectile charge state q thus clearly revealing the contribution of
potential energy to the sputtering process. In addition, as the kinetic energy of a Xe10+ projectile decreases
from 81 keV to 1.5 keV, a velocity effect is clearly observed on the angular distribution.

PACS. 34.90.+q Other topics in atomic and molecular collision processes and interactions – 61.80.Jh Ion
radiation effects – 79.20.Rf Atomic, molecular, and ion beam impact and interactions with surfaces

1 Introduction

The interaction of slow (v < v0, Bohr velocity v0 =
2.19× 106 m/s) highly charged ions (SHI) with solid sur-
faces has been an active field of basic and applied research
since many years [1–3]. Recent studies have stimulated in-
terest in the application of SHI to surface characteriza-
tion and materials modification on a nanometer scale. In
this context, sputtering processes are an interesting way
to understand the atomic motion induced by electronic
excitations and elastic collisions in the solid targets.

Sputtering of surfaces by ion impact is a technique
largely used as surface preparation. In this case, the ki-
netic energy of the projectile ion is used in order to dis-
lodge the target atoms. Recently, more interest was di-
rected to the effects of the projectile charge state on the
sputtering process, and whether this can be exploited in
more efficient surface preparation techniques. In order to
enhance the projectile charge state effect on the sputter-
ing process, mainly two possible paths can be chosen. The
first path is by enhancing the projectile charge state. This
choice is, however, relatively difficult, since the effects of
kinetic and potential sputtering are mixed. To avoid this,
the kinetic energy of the projectile ion was lowered, di-
minishing the effect of kinetic sputtering.

The energy loss per unit path length (−dE/dx) of the
projectile along its trajectory in the target material is
the sum of two terms, the “nuclear stopping” (−dE/dx)n

(elastic collisions between screened nuclei), and the “elec-
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tronic stopping” (−dE/dx)e (excitation of target elec-
trons). The mechanisms underlying sputtering processes
due to the kinetic energy release of the projectile are con-
sequently divided in two classes. They are defined as a
function of the physical collision process involved: nuclear
stopping is dominant at low kinetic energy of the projectile
(less than 1 MeV) and leads to elastic collision cascades.
Electronic stopping is dominant at high kinetic energy
(larger than 1 MeV) and leads to “electronic sputter-
ing”. All the stopping power values given here have been
calculated using the SRIM package software [4], which is
standard for this purpose. While elastic sputtering is well
described by theory, in the electronic sputtering regime
several possible processes such as Coulomb explosion [5–7],
thermal spike [8,9] and exciton production and migration
mechanisms [10,11] are still under debate. In the case of
SHI, initially far away from the equilibrium charge state,
with kinetic energies of few keV, the distinction between
“nuclear” and “electronic” sputtering is not relevant any-
more. Both elastic collisions and intense electronic exci-
tation occur simultaneously. Not only kinetic energy is
released, but also the potential energy of the projectile
(sum of the successive ionization energies) comes into play.
Such a sputtering process is now referred to a “potential
sputtering” [12]. Considering the time scale of interaction
processes, it is admitted that the SHI neutralizes in a few
femto-seconds close to the surface [6,13,14]. Therefore, the
amount of its potential energy is initially deposited into
the electronic system at the surface.

Several groups have studied sputtering yields for a va-
riety of materials [5–23] with different charge states and
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impact energies of the projectiles. Complementary mod-
els have been suggested to explain potential sputtering, in
particular, for slow medium charge state projectile ions
(q < 28) on insulators, Hayderer et al. [22] suggest a
new mechanism termed as “Kinetically Assisted Potential
Sputtering”, KAPS. This refers to a potential sputtering
which requires simultaneously the electronic excitation of
the target material and the formation of collision cascade
within the target (and therefore a minimum projectile ki-
netic energy) to initiate the sputtering process.

At very low kinetic energy (as low as 5q eV), Sporn
et al. [17] have measured potential sputtering using a
quartz crystal microbalance technique [12,13] with an er-
ror of few %. The catcher technique used by several au-
thors allowed to determine the total sputtering yield with
an uncertainty of about 50% only. This large error bar is
due to the fact that assumptions about the shape of the
angular distribution are necessary to calculate the total
yield [2]. A strong enhancement of the sputtering yields
with projectile charge state or potential energy has been
observed for different targets. For Arq+, at 50–80 keV in-
teracting with CsI, LiNbO3 and Au, Weathers et al. [24]
have measured the angular distribution, which follows a
cosine law. A slight enhancement of the yields has been
observed as the projectile charge state increases from 4+
to 11+.

We have previously measured angular distributions
(AD) and total yields (Y ) of uranium sputtered by slow
highly charged Xeq+ ions (kinetic energy Ek = 81 keV,
charge state 1 ≤ q ≤ 25) at various incidence angles of the
projectile [25]. The aim of these experiments was studying
charge state and angle of incidence effects on the sput-
tering process. At 81 keV, the angular distributions were
found to be non-isotropic and a clear charge state effect on
the total sputtering yield was observed. In addition it was
shown that going from normal to oblique incidence the
sputtering yield increases in the beam forward direction.

To complete this study, we report here on measure-
ments of both AD and yields of uranium sputtered by
slow highly charged Xeq+ ions (kinetic energy 81 keV ≥
Ek ≥ 1.5 keV, charge state 1 ≤ q ≤ 25). On one hand,
by fixing the total projectile kinetic energy while varying
its charge state, we investigate the effect of the potential
energy on sputtering. On the other hand, by decreasing
the projectile kinetic energy we get closer to the nuclear
stopping regime, where the kinetic energy transfer relies
on nucleus–nucleus interaction and depends mainly on the
development of a more or less dense displacement cascade.
Therefore, in order to separate the contributions of ki-
netic and potential energies, two set of experiments have
been performed keeping constant either the projectile ki-
netic energy Ek at 8 keV and 81 keV (Xe1+–Xe25+) or
the charge state (Xe10+) while varying the kinetic energy
between 81 keV and 1.5 keV.

2 Experiment

We used the catcher technique, which allows in partic-
ular the detection of neutrals, the large majority of the

emitted particles. Far less than a percent of the sputtered
particles are charged [26]. The ablated particles (neutrals,
ions, clusters . . . ) are collected on a catcher made of low Z
material placed in front of the target, which is in the cen-
ter of the set-up. The beam passes through a 3 mm hole
in the collector to hit the surface target at normal in-
cidence. We used an ultra pure Al foil (99.999% Al) to
collect the emitted particles, the sticking coefficient of
which has been found close to unity [27]. The Al foil is
curved in a hemispherical holder, the diameter of which is
20 mm. This experimental set-up has been described in a
previous paper [25]. After irradiation, a step-by-step anal-
ysis of the collector by Rutherford Back scattering Spec-
trometry (RBS) allows the determination of the density
of ablated uranium deposited on the Al foil, each position
corresponding to an emission angle. These RBS analysis,
used for the experiment done with projectiles at 81 keV,
have been performed with 1.2 MeV He+ ion beams de-
livered by a van de Graaff accelerator, at the “Centre de
Spectrométrie Nucléaire et de Spectrométrie de Masse”
(CSNSM, Orsay – France). In the case of irradiations at
very low kinetic energies, the catchers were analyzed using
a Heavy-Ion RBS (HIRBS) ensuring a better sensitivity
than the RBS technique. This analysis has been performed
with 3 MeV Ar2+ ions delivered by Ionen Strahl Labor
(ISL) at the Hahn-Meitner-Institut HMI [28]. The sput-
tering yields are then deduced by integrating the doubly
differential angular distributions d2Y/dΩ over the angle
of emission.

The targets used are sintered powders of uranium diox-
ide UO2 prepared through a complete cycle of mechani-
cal polishing and annealing using a reducing atmosphere
(1400 ◦C, Ar/H2) [29]. The surface roughness and grain
size distributions was then measured using an Atomic
Force Microscope (AFM), in order to validate the prepa-
ration process and control the similarity of the irradiated
surfaces.

First, we study the charge state effect on the sputter-
ing process. For this study a set of three experiments were
necessary. In a first experiment, keeping constant the pro-
jectile kinetic energy at 81 keV, we vary the charge state q
of xenon ions (q = 10, 15 and 25) corresponding to poten-
tial energies of 0.8 keV, 2.2 keV and 8 keV, respectively.
The ions were extracted from the Electron Cyclotron Res-
onance Ion Source (ECR) at LIMBE (now, part of ARIBE,
CIRIL-GANIL-Caen, France) with an acceleration voltage
of 8.1 kV, 5.4 kV and 3.24 kV, respectively, to obtain a
constant projectile kinetic energy of 81 keV. The singly-
charged xenon ion beam at Ek = 81 keV was delivered by
the source (IRMA) at the CSNSM (Orsay, France). In a
third experiment, we study the charge state effect at a con-
stant projectile kinetic energy equal to 8 keV. The beams
of Xe10+, Xe15+ and Xe25+ were extracted at 10 kV/q
from the ECR source at HMI (Berlin, Germany) and then
decelerated through an electrostatic lens system to 8 keV
kinetic energy. For each AD measurement, the relative er-
ror of the fluence was estimated to be less than 5%; the
fluency was kept roughly constant around 4×1014 ions on
a surface of 0.28 cm2.
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Table 1. A, and n parameters, of equation (1), A cosn θ, de-
scribing the Angular distribution of sputtered particles induced
by Xe1+, Xe10+, Xe15+, Xe25+ interacting with a kinetic en-
ergy of 81 keV.

q A n
1 0.52 ± 0.01 1.46 ± 0.1
10 0.63 ± 0.01 1.11 ± 0.07
15 0.72 ± 0.01 1.4 ± 0.05
25 0.88 ± 0.01 1.4 ± 0.06

It should be noted that we were not able to measure the
AD for Xe1+ at 8 keV due to the stiffness of the beam,
which cannot pass the selection magnets used with our
ECR ion sources.

Second, to study the velocity effect a beam of Xe10+

was extracted at 10 kV/q from the ECR source at HMI
(Berlin, Germany), fixing the charge state of the projectile
while decelerating the beam through an electrostatic lens
system to 8 keV, 5 keV and 1.5 keV kinetic energy.

3 Charge effect on UO2 sputtering

The angular distributions of the ablated uranium obtained
for Xeq+, with q = 1, 10, 15, and 25 at 81 keV and
8 keV impinging the surface at normal incidence is pre-
sented in Figures 1a and 1b, where the angle θ = 0◦
corresponds to the direction perpendicular to the surface.
Using this representation, an “isotropic” emission would
result in a horizontal line. Consequently, the first main re-
sult is that, for any charge state at kinetic energies equal
to 81 keV and 8 keV, the sputtering emission is strongly
non-isotropic, and oriented preferentially along the surface
normal.

At high kinetic energy, 81 keV, the AD of the sputter-
ing follows a cosine law as predicted by the linear collision
cascade [30]

A cosn θ, (1)

where the A and n parameters are given in Table 1.
This means that at 81 keV the shape of the angular

distribution (i.e. the power n of the cosine function) does
not present a clear variation with the charge state of the
projectile. On the other hand, the A parameter strongly
increases as the charge state of the projectile increases.
This is the clear signature of an increasing of total sputter-
ing yield, Figure 2. The sputtering yield, i.e. the number of
sputtered U atoms per incoming projectile, is obtained by
integration of the angular distribution over the emission
solid angle.

At lower kinetic energy, 8 keV, a similar cosine law is
observed for q = 10 and 15. Surprisingly an important
deviation from the simple cosine law, equation (1), is ob-
served for q = 25. The angular distribution may, in this
particular case, be described by:

A cosn θ + B exp−αθ2 (2)

where the A, n, B and α parameters are given in Table 2.

(a)

(b)

Fig. 1. Angular distributions d2Y/dΩ (U/Sr/Xeq+) of sput-
tered particles, versus the angle of emission (θ), induced by
Xe1+, Xe10+, Xe15+, Xe25+ interacting with a UO2 surface at
normal incidence with a kinetic energy of (a) 81 keV, (b) 8 keV.
The lines are fit by equations (1) and (2) (see text).

Table 2. A, n, B and α parameters of equation (2), A cosn θ+
B exp−αθ, describing the angular distribution of sputtered
particles induced by Xe10+, Xe15+, Xe25+ interacting with a
kinetic energy of 8 keV.

q A n B α
10 0.28 ± 0.02 1.06 ± 0.09 0
15 0.38 ± 0.01 1.09 ± 0.06 0
25 0.47 ± 0.02 1.26 ± 0.08 0.06 ± 0.04 12.2 ± 10.0
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Fig. 2. Total sputtering yields Y (U/Xeq+) presented as a
function of the projectile charge. These results are obtained
under the following conditions: Xe 10+,15+,25+ impinging a UO2

target at 8 and 81 keV, Xe 1+ with Ek = 81 keV.

Table 2, together with the corresponding Figure 1b,
clearly underlines a charge effect on the angular distribu-
tion of sputtering and on the total yield at 8 keV: the
power n of the cosine law increases as the charge state
increases. We observe, as for Ek = 81 keV, an increas-
ing value of the A parameter (i.e. the sputtering yield)
with the charge state of the projectile, Figure 2. This en-
hancement amounts to about 30%, much larger than that
presented in reference [24] (Arq+ with q = 4, 8, 11 at
48 keV and 60 keV impinging on LiNbO3 and CsI) where
it is less than 10%. In addition, we note the linear increase
with the charge state in accordance with the experimental
results obtained by Schenkel et al. [2]. However, it should
be kept in mind that their experimental conditions and
sample preparation were different. In contrast to our ex-
periments, this group has used an EBIT source, which
can deliver very high charge state ions (from Xe27+ up to
Th70+ with total kinetic energies ranging from 293 keV
to 570 keV). The total sputtering yield was determined
by the catcher method, but certain assumptions for the
angular distributions had to be made [2].

4 Velocity effect on UO2 sputtering

In a second experiment, we studied the projectile velocity
effect on the sputtering process by fixing the charge state
of the projectile (Xe10+) impinging on the UO2 target
while decreasing its kinetic energy from 81 keV to 1.5 keV,
Figure 3. The measurements with lower projectile veloc-
ities were performed using the ECR source at HMI. In
Figure 3, the doubly differential sputtering yield d2Y/dΩ
(U/Sr/Xeq+) is drawn as a function of the emission an-
gle (θ). We present here, for the first time, the effect of
the projectile velocity (Xe10+) on the angular distribu-

Fig. 3. Angular distributions d2Y/dΩ (U/Sr/Xeq+) of sput-
tered particles, versus the angle of emission (θ), induced by
Xe10+ interacting with a UO2 surface at normal incidence with
kinetic energies equal to 81, 8, 5 and 1.5 keV.

Table 3. A, and n parameters, of equation (1), A cosn θ, de-
scribing the angular distribution of sputtered particles induced
by Xe10+ interacting with a kinetic energy of 1.5 keV, 5 keV,
8 keV and 81 keV.

Ek A n
81 keV 0.63 ± 0.01 1.11 ± 0.07
8 keV 0.27 ± 0.007 1.02 ± 0.07
5 keV 0.16 ± 0.006 0.88 ± 0.09

1.5 keV 0.08 ± 0.002 0.75 ± 0.06

tion of sputtered particles. At low kinetic energy (1.5 keV,
5 keV and 8 keV), the shape of the angular distribution
changes significantly compared to higher projectile energy
(81 keV). The maximum along the direction perpendicular
to the surface disappears as the kinetic energy decreases.
The AD follow the cosine law given by equation (1) with
the parameters A and n given in Table 3.

At 1.5 keV, 5 keV projectile kinetic energy the shape is
clearly flatter than the previous one at 8 keV and 81 keV.
No preferential direction of the emitted particles is ob-
served anymore at 0◦. The variation of the power n of the
cosine function indicates clearly that there is a velocity
effect on the angular distribution in this regime.

Finally, let us have a look at the ratio of sputtering
yields Y and the nuclear stopping power Sn. This ratio is
plotted as a function of the projectile kinetic energy for
Xe in UO2 in Figure 4. The ratio is roughly constant for
Ekin < 81 keV (i.e. in the nuclear stopping regime). How-
ever, the yields measured at LLNL are considerably higher
than the yields measured at GANIL and HMI. Possible
reasons may include an additional contribution to sput-
tering from electronic excitation and the higher potential
energy. Also, the already above mentioned differences in
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Fig. 4. Top: electronic and nuclear stopping power (more pre-
cisely, energy loss per unit path length, from [4]) as a function
of projectile kinetic energy for Xe in UO2. Bottom: ratio of
sputtering yields Y and the nuclear stopping power Sn, as a
function of projectile kinetic energy for Xe in UO2. Lines are
to guide the eye. Also included are data obtained by Schenkel
et al. [2] at LLNL.

the procedure of determining the yields and different ex-
perimental conditions may come into play.

5 Discussion and outlook

In this experimental study, we measured angular distri-
butions and sputtering yields of uranium sputtered from
uranium dioxide UO2 by slow highly charged Xeq+ ions. In
case of Ek = 81 keV, the angular distribution, A cosn θ,
does not change with the charge state of the projectile,
this first result might be predictable, taking into account
that the projectile kinetic energy is still higher than po-
tential energies, which are equal to 0.8 keV, 2.2 keV and
8 keV for Xeq+, with q = 10, 15 and 25, respectively. Nev-
ertheless, we observe an increase of the A parameter as
the charge state increases, corresponding to an increase of

the total sputtering yield. On the other hand, the study
of the charge effect on the angular distribution, at a pro-
jectile kinetic energy equal to 8 keV, shows a deviation
of the previous law, A cosn θ, for a charge state q = 25.
At this point, we might underline that the potential en-
ergy of the projectiles, Xeq+, are not anymore negligible
compared to the kinetic energy 8 keV (Ep = 8 keV for
Xe25+). We are clearly in the nuclear regime where the po-
tential sputtering has to be considered. In addition, yields
increase linearly with projectile charge q thus clearly re-
vealing the contribution of potential energy to sputtering.
Considering the behaviour of the yields with respect to
the kinetic energy of the projectile and its charge state,
the KAPS mechanism, [22], suggested for sputtering of
insulators, might provide an explanation in our case with
UO2, which constitutes a semi conducting target [29].

In a second experiment, we studied the projectile ve-
locity effect by fixing the charge state of the projectile
(q = 10+) while varying the kinetic energy from 81 keV
to 1.5 keV. Decreasing the projectile kinetic energy, the
angular distribution becomes flatter, the maximum along
the direction perpendicular to the surface disappears, a
clear velocity effect is observable. For lower projectile ki-
netic energy, the angular distributions become difficult to
measure due to the roughness of the sample surface. In
our case, the roughness was measured with an AFM, and
found to be less than 1.7 nm.

Together with our studies on the projectile incidence
angle dependence of angular distributions [25], we now
have obtained a rather large set of information on the
sputtering of uranium dioxide by slow highly charged ions.
In addition, our group has also measured the contribution
of ionic species and clusters to sputtering [31]. Measure-
ments of the cluster-size distribution of positively charge
secondary ions from sputtering of uranium dioxide UO2

by neon and argon ions (q = 8) and xenon ions of dif-
ferent charge states (q = 10, 23) at fixed kinetic energy
(81 keV) were performed. The size-distribution of the clus-
ter ion yields Y can be described by a power law Y ∼ nδ

with δ-values between −1.5 and −2.9. This is in agreement
with the predictions of collective models, but not with a
statistical rearrangement upon exit.

Cluster emission contributes up to 70% of emitted ura-
nium at 81 keV (positive secondary ions). An interesting
and yet unsolved question is whether atoms, monomers,
molecules and clusters have the same sputtering angu-
lar distribution. If the angular distribution of sputtered
atoms and clusters is different, the appearance of addi-
tional components such as equation (2) to a pure cosine
law equation (1) becomes plausible. Of course, also dif-
ferent physical mechanisms such as elastic collision cas-
cade versus potential energy related or other electronic
processes may be involved. In the first case, however, the
yield of the different contributions should be connected to
the contribution of monomers and clusters, respectively.
In the second case, the footprints of the different phys-
ical mechanisms should be different angular and energy
distributions of monomers and clusters, respectively. Pos-
sible ways to study this are XY -TOF-imaging techniques



506 The European Physical Journal D

for secondary ions [32]. For emitted neutrals, microscopic
techniques used on the catchers may in some cases allow
to separate emitted clusters from atoms (in particular for
large clusters) [33]. Also, post-ionization techniques com-
bined with XY -TOF may be a pathway to further inves-
tigating this question.
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H.D. Mieskes, H. Kucal, Z.G. Wang, Nucl. Instr. Meth. B
212, 346 (2003)

10. G. Hayderer, M. Schmid, P. Varga, H.P. Winter, F.
Aumayr, L. Wirtz, C. Lemell, J. Burgdörfer, L. Hägg, C.O.
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