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MeV N1 and N2
1 ions were used to induce Li1 desorption from LiF. The contributions due to elastic

atomic collisions and electronic excitation processes to the sputtering yield could be unambiguously
separated. In the case of N2

1 ions, a Li1 yield enhancement, i.e., Y �N2
1� . 2Y �N1�, was found only

for the electronic process. The maximum sputtering yield was observed in a projectile velocity range
where the projectile electronic energy loss still increases. These results are simultaneously explained
using the radial distribution of the deposited energy rather than the electronic energy loss.

PACS numbers: 79.20.Rf, 61.80.Lj
The collision of a fast heavy ion in a solid produces
a variety of nonequilibrium events; among them one ob-
serves the ejection of neutral or ionized particles from
the surface. This phenomenon, known as sputtering, re-
sults from two different mechanisms: the particle emission
originated from atomic collision cascades (nuclear sputter-
ing) [1] and, a more subtle mechanism, the one where the
emission process is initiated by electronic excitations (elec-
tronic sputtering) [2]. The knowledge of the sputtering is
important for a general understanding of the effects caused
by the deposition and the diffusion of energy in solids fol-
lowing penetration of swift heavy ions. The formation of
ion tracks in the target sample is a related phenomenon
which has received attention from a technological point
of view [3]. Track registration is important for the con-
trolled pinning of flux lines in high-Tc superconductors,
for instance [4]. The electronic sputtering became of par-
ticular interest for biochemistry because it permits, in con-
junction with time-of-flight spectroscopy, the identification
of large organic nonvolatile molecules, as, for example,
bleomycin and amphotericin [5]. Electronic sputtering is
also relevant in astrophysics. The surfaces of certain so-
lar system bodies, like the moons of the outer planets, are
constantly bombarded by MeV ions causing particle emis-
sion. The sputtered particles trapped by the local gravity
form tenuous atmospheres. The prediction of the electronic
sputtering yield and the desorbed particles kinetic energy
distribution is important to estimate the gas content in such
atmospheres and to evaluate the lifetime of planetary rings
[6]. So far, there is no consistent theory to explain elec-
tronic sputtering.

Sputtering from insulating surfaces induced by atomic
and molecular projectiles having velocities around the
Bohr velocity is investigated in this work. The electronic
and nuclear sputtering yields are comparable in this veloc-
ity range. It has been shown that the relative contribution
of these processes can be obtained using the kinetic energy
distribution of the emitted ions [7]. The linear cascade
theory can be applied to describe the nuclear sputtering
contribution. This theory predicts the proportionality
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between the emission yield and the nuclear energy loss,
Sn, and also the shape of the energy distribution curve.
Many models predict that the desorption yield due to
electronic sputtering is proportional to the square of the
electronic energy loss, Se, but in several cases significant
deviations from the S2

e law have been noted [8,9].
The energy deposited by a MeV atomic projectile to the

surface region (�1 keV in the first nm below the surface)
is deposited over a small volume ��1 nm3� in a short time
��10217 s�. A correlation between the deposited energy
and the desorption yield is expected. However, it is ob-
served that for the same amount of deposited energy, faster
atomic projectiles produce smaller desorption yields. This
is the so-called velocity effect [8–10]. For cluster projec-
tiles, the energy loss inside the solid is enhanced as a result
of the spatial and temporal correlation during the impact.
This effect leads to very high values of the deposited en-
ergy density [11,12] and, consequently, nonlinear effects
are likely to occur. This cluster effect is usually described
in terms of the yield enhancement factor

R � Y �n��nY�1� , (1)

where n is the number of atomic constituents in the cluster
projectile and Y represents the yield of a given secondary
ion measured at the same projectile velocity. The cluster
effect �R fi 1� is well established for the secondary par-
ticle emission yield due to nuclear and electronic sputtering
processes [13–15]. However, there are no experimental
data available for kinetic energy distributions of the emit-
ted ions due to cluster impact. Only recently the cluster
effect on kinetic energy distributions has been experimen-
tally investigated [16].

In this Letter, a connection between cluster and veloc-
ity effects is made. They are analyzed simultaneously us-
ing the radial distribution of the deposited energy. The
aim is to obtain a common explanation for both effects
and describe them quantitatively using the same model.
A semiempirical law, able to predict the variation of the
electronic sputtering yield with the projectile velocity with
good accuracy, is derived.
© 2000 The American Physical Society
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FIG. 1. Li1 desorption yields, not corrected for experimental
efficiency ���, and the corresponding electronic sputtering yield
fraction ���. The S2

eff curves, with adequate normalizations (solid
and dotted lines), are shown for three ´c values (see text). The
total yield is given by Y � AnSn 1 AeS2

eff (heavy solid line).
The electronic and the nuclear energy loss variations (dashed
lines) are indicated by the symbols S2

e and Sn, respectively.

A description of the time-of-flight experimental setup
used for the present measurements is found in Ref. [7]. It
is important to mention that the experiments are performed
in an event-by-event basis and that the number of primary
ion impacts per unit area on the surface needed to obtain
each spectrum is as low as 107 cm22. Therefore, target
material properties remain unchanged. The simple elec-
tronic and geometrical properties of lithium fluoride help
the understanding of the Li1 emission process [16,17].

The open circles in Fig. 1 represent the obtained relative
Li1 desorption yield, Y , measured as a function of the N1

projectile energy, E. The nuclear energy loss �Sn� and the
square of the electronic energy loss �S2

e �, normalized to the
yield data, are also represented. In a first order approxima-
tion, it was considered that the nuclear and electronic sput-
tering mechanisms act independently. Therefore, the total
secondary ion yield is roughly written as the sum of the
nuclear and electronic contributions: Y � Yn 1 Ye. From
the linear cascade theory one has Yn � AnSn. The elec-
tronic sputtering contribution (stars) is obtained by sub-
tracting the nuclear sputtering yield fraction, Yn, from the
measured yield. This is done according to the energy distri-
bution measurement as will be seen in the next paragraphs.

At low projectile energies �E , 0.3 MeV�, the nuclear
sputtering contribution dominates. At high energies, one
observes the velocity effect on the electronic sputtering. As
shown in Fig. 1, the S2

e prediction agrees reasonably well
with the data for E , 2.0 MeV �AeS2

e � Ye� but strongly
overestimates the Li1 yield �AeS2

e . Ye� for higher pro-
jectile energies.

The Li1 secondary ion energy distributions due to
atomic and molecular projectiles at 0.2 MeV�atom are
shown in Fig. 2. In the case of N2

1 projectiles the yield
distribution �dY�dEz� is divided by a factor of 2. The
FIG. 2. Axial energy distributions of Li1 secondary ions for
N1 (0.2 MeV) and N2

1 (0.4 MeV) ion impact. The nuclear
and electronic energy distributions are described by An�Ez 1
U�22 (see Ref. [7]) and by AeEa

z exp�2bEz�, respectively. The
constants a � 0.4 and b � 0.9 are the same for both cases. The
heavy solid lines represent the sum of the two contributions.

nuclear sputtering mechanism is responsible for the high
energy tail of the distributions �Ez . 10 eV� in both
cases. The contribution of this mechanism is evaluated
using an extension of the linear collision cascades theory
for ionic solids (dotted line) [7]. The predicted values,
normalized to the high Ez tail, are then subtracted from the
total energy distribution (data points) to obtain the energy
distribution due to the electronic sputtering (solid lines).
Following this procedure, it is possible to decompose
the desorption yield into the electronic and the nuclear
sputtering contributions. The relative yields due to each
process are shown in Table I. It is worth mentioning that
atomic and molecular projectiles produce the same Li1

characteristic emission energies in spite of the deposited
energy density increase achieved with the N2

1 impact.
This fact is related to the electronic sputtering mechanism
of Li1 secondary ions [16]. It is also important to notice
that the sum Y � Yn 1 Ye describes surprisingly well the
yield dependence of the projectile energy (Fig. 1) as well
as the energy distributions (Fig. 2). This would imply
that nuclear and electronic sputtering act in different
time scales.

The collision cascade contribution exhibits no cluster
effect, i.e., Yn�N2

1� � 2Yn�N1�. This follows from the
additivity of the energy loss due to nuclear collisions
Sn�N2

1� � 2Sn�N1�. The additivity rule applied to the
electronic energy loss cannot reproduce the data for elec-
tronic sputtering. If one considers Se�N2

1� � 2Se�N1�

TABLE I. Li1 yields for N1 and N2
1 ions at 0.20 MeV�atom.

Primary ion Nuclear Electronic Total

N1 1.10 0.45 1.55
N2

1 2.20 5.38 7.58
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and Ye � AeS2
e (since the measurement was done for

E � 0.20 MeV�atom where AeS2
e is supposed to be

valid), the yield for N2
1 impact would be 4 times the

yield due to N1 projectiles �R � 2�. In contrast, a yield
enhancement factor of R � 5.38��2 3 0.45� � 6 is
found for the electronic sputtering contribution. This new
finding shows that the agreement of the law Ye � AeS2

e
with the data, for projectile energies lower than the
one corresponding to the maximum yield �E , 2.0 MeV�,
is acceptable only for atomic projectiles. A new func-
tion, able to include cluster projectiles effects, should
be used.

The observed cluster and velocity effects on the elec-
tronic sputtering yields can be analyzed using the de-
posited energy density, ´�r, y�, concept. This quantity
depends on the ion velocity y through the infratrack and
ultratrack characteristic radii, ri , ru, and on its elec-
tronic energy loss Se. The Bohr adiabatic radius is usu-
ally taken as a good value for ri which is a measure of the
maximum impact parameter for the projectile to perform
ionizations and/or excitations. The infratrack region is
defined by r , ri . The ion-electron collision kinematics
and secondary electron range in solids are used to define
ru [9,18,19]. Consequently, one has that ru � ru�y� and
at a given projectile velocity, atomic and molecular ions
deposit their energy into the same track volume.

In order to perform analytical calculations, the function

´�r, y� � ´0�y���1 1 �r�ri�2� (2)

was used in this work to approximate the energy density in-
side the track volume. For r . ru�y� the function ´�r , y�
is set to zero since the electrons ejected from the infratrack
cannot deposit their energy in regions beyond the ultra-
track boundary. In the intermediate region the proposed
function has the expected 1�r2 behavior [3,9]. The en-
ergy density at r � 0, ´0�y�, is determined, integrating
Eq. (2) over all space and equating the result to the elec-
tronic energy loss as in Se�y� �

R
`
0 2pr´�r, y� dr. Fig-

ure 3 shows schematically the energy density function for
two atomic ion velocities y1 , y2. These velocities are
such that Se�y1� � Se�y2�. For low ion velocities, the de-
posited energy is more concentrated near the ion path since
the secondary electron cascades have smaller transversal
ranges than those corresponding to high velocities. The
parameter ´c, appearing in Figs. 1 and 3, is a critical en-
ergy density for ion emission which depends on the target
material [12]. It defines a critical radius, rc, such that
´�rc, y� � ´c. In the region defined by r , rc, or equiva-
lently ´�r� . ´c, the atomic bonds are broken by the sec-
ondary electron cascades permitting the ions to be released
from the surface. An effective energy deposition per unit
path for ion desorption, Seff, is defined by integrating ´�r�
inside the area limited by the critical radius �r , rc�. The
calculation gives

Seff � Se ln�´0�´c�� ln�1 1 �ru�ri�2� . (3)
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FIG. 3. The energy density approximated by a Lorentzian for
two projectile velocities y1 , y2. The ´c value is characteristic
of the secondary ion and target material. The critical radius rc
is a function of the projectile velocity. One has that ri � y and
ru � y2 [9].

This function is used to fit the Ye data in Fig. 1 by
using ´c as a free parameter. It is possible to describe
the Li1 yield using the law Ye � AeS2

eff, letting ´c �
80 eV�nm3, over the whole projectile energy range. A
good description of the total yield is given by Y � AnSn 1

AeS2
eff (Fig. 1). The ´c value of 80 eV�nm3 corresponds

to an average energy density of 3 eV�atom and is similar
to the values found in Ref. [12] which were obtained from
track diameter measurements and not from sputtering yield
measurements. The velocity effect is thus explained in
terms of the deposited energy density which takes into
account the variation of the energy deposition volume with
the projectile velocity.

The electronic energy loss of N2
1 projectiles was ob-

tained considering the following models: (i) the linear ap-
proximation given by Se�N2

1� � 2 3 Se�N1� and (ii) the
united atom limit which considers the N2

1 projectile as a
single ion with double nuclear charge and the same number
of electrons. This limit can be regarded as the monopole
term of a multipole expansion of the molecular ion energy
loss [20]. For E � 0.20 MeV�atom, the united atom limit
predicts Se�N2

1� � 2 3 0.88 3 Se�N1�. Once the clus-
ter energy loss is known, the calculation of the yield en-
hancement factor is done considering the law Ye � AeS2

eff
and using Eq. (1). The results are shown in Fig. 4 as a
function of the ratio ´c�´0�N1�. The experimental point
corresponds to ´c � 80 eV�nm3 consistently with the in-
formation of all data points in Fig. 1. It is seen that, within
the effective energy deposition formalism, both limits for
the cluster energy loss produce yield enhancement factors
larger than two as experimentally observed. Moreover, the
experimental value of R measured for the electronic con-
tribution of Li1 lies in between the two limiting cases.
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FIG. 4. Enhancement factors evaluated using the function
Seff. The linear (upper limit) and united atom (lower limit)
approximations were used to calculate molecular ion energy
loss. The ´c value for the measurement is 80 eV�nm3. For
E � 0.20 MeV�atom one has ´0�N1� � 2.26 3 103 eV�nm3.
The error bar corresponds to the statistical error (5%).

Nonlinear effects were found for the electronic sputter-
ing of Li1 secondary ions from LiF. The effective energy
deposition formalism consistently describes the experi-
mentally observed cluster and velocity effects. Even the
sublinear cluster ion energy loss in the united atom limit
furnishes a supralinear yield enhancement factor. This fact
shows the importance of considering the energy density,
together with the electronic energy loss, as a primary pa-
rameter to describe the desorption process.
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