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We have investigated the nonlinear effects in the stopping power of carbon cluster ions propagating through
a thin carbon foil at some velocities lower than the Bohr velocity. We measured the energy loss of slow Cn

+

�2�n�21� cluster ions passing through carbon foils of 1.0–10.0 �g/cm2 in thickness at energies of
1.5–40 keV/atom. For all incidents of Cn

+ �2�n�21� cluster ions, we observed few but rigid amount of intact
cluster ions with 3.3%–19.5% reduced in energy but with no atomic loss after passing through a thin
1.0 �g/cm2 carbon foil. The stopping power ratios defined as the stopping power per atom of cluster ions
divided by the stopping power of isolated atomic ions at the same velocity were evaluated using a simplified
united-atom model as well as an experimental approach. The stopping power ratios of the intact cluster ions in
all cluster sizes were much smaller than unity. The authors found the remarkable nonlinear effects in the
low-energy region to be contrary to those predicted previously for the stopping power of the cluster ions.
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I. INTRODUCTION

The various phenomena associated with interactions of
molecular ions and cluster ions with solids have proven to be
interesting research subjects in recent years. The molecular
and cluster ion impact exhibits multiple atomic collisions at a
minute area on the target in a spatial scale of interatomic
distances in an instant of traversing interatomic distances.
The spatiotemporally concentrated atomic collisions cause
nonlinear effects in the kinetic energy loss processes of the
molecular and cluster ions.

The first investigation of transmission of H2
+ ions in car-

bon foils was reported by Poizat and Remillieux �1�. Brandt
et al. �2� performed the first measurements of the energy loss
from 60 keV/atom to 100 keV/atom of H2

+ and H3
+ ions

passing through carbon and gold foils. Several groups �3–8�
performed similar experiments using small cluster ions. Re-
cently, the energy loss of such larger swift cluster ions as Hn

+

�2�n�25� �9�, Bn
+ �2�n�4� �10�, and Cn

+ �2�n�8�
�11,12� passing through thin foils have been measured. In
these cases, the nonlinear effects associated with the energy
loss processes were derived from the stopping power ratio
defined as a ratio of the stopping power per atom of cluster
ions to the stopping power of single atomic ions at the same
velocity. The stopping power ratios, larger than unity at
higher energies and less than unity at lower energies, have
been derived in these measurements. Many theoretical stud-
ies have been performed to explain the nonlinear effects.
These studies suggested that the nonlinear effect is the result
of interference between the excitation of the target electrons
and the simultaneous interaction with the cluster constituents
in short internuclear distances �2,13–16�. This nonlinear ef-
fect was termed the “vicinage effect.” Many experimental
investigations for the nonlinear effects have been concen-
trated on the energy loss of swift cluster ions in the velocity
region higher than the Bohr velocity.

On the other hand, very few experimental investigations
in the region of the lower velocity than the Bohr velocity for
the nonlinear effects have been performed on the energy loss
of the slow cluster ions composed of heavy elements.

In this paper we present results of the energy loss mea-
surements of slow Cn

+ �2�n�21� cluster ions impinging at
energies of 1.5–40 keV/atom on 1.0–10.0 �g/cm2 thin-
carbon-foil targets. The corresponding impinging velocities
were 7%–36% of the Bohr velocity, the velocity region
where the nuclear stopping power Sn of monoatomic carbon
ions gradually decreases and the electronic stopping power
Se alternatively becomes dominant as the velocity increasing.
We investigated the nonlinear effects on the energy losses at
the lower velocity region for Cn

+ �2�n�21� cluster-ion
impacts.

II. EXPERIMENTAL METHOD

We used an electron impact-type cluster ion source which
generated dominantly fullerene C60 cations such as C60

1+

�8.4 nA�, C60
2+ �4.5 nA�, C60

3+ �1.9 nA�, and C1
1+

�10.9 nA�, while the product abundances of different sizes of
smaller carbon cluster ions were very few. The different sizes
of smaller carbon cluster ions were produced only by frag-
mentation of the fullerene C60 cations downstream of the
beam line. The experimental layout of the apparatus is illus-
trated in Fig. 1. The electron impact type ion source and a
45° sector-type analyzer magnet were mounted on the high
voltage terminal. The C60 cations generated from the ion
source were extracted by an extraction electrode. The C60
cations were selected by the first 45° analyzer magnet and
then accelerated up to 100 kV through an acceleration col-
umn. The C60 ions were focused on a detector installed at
120 mm behind the target position in the scattering chamber
using a three-run electrostatic quadrupole lens. The mass
spectrometry and the energy spectrometry of the accelerated
C60 ions were performed using the 15° sector-type second
analyzer magnet. We detected various sizes of smaller carbon
cluster ions produced by fragmentation of the C60 parent ions
�17� in the scattering chamber. The Cn

+ cluster products in
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smaller size of n=2–30 were consisted of both an even and
odd number of carbon atoms, while in larger size n=30–60,
only the even number products appeared. The single-charged
ions in the smaller size were observed at the energies distrib-
uted around 80% of the C60 parent ions. The smaller cluster
ions with energies lower than the full-accelerated energy
were generated by fragmentation of the parent ions in the
acceleration process. In contrast, the larger cluster ions ex-
hibiting the same charge-state distribution as the C60 parent
ions appeared at the full-accelerated energies. These cluster
ions originated from the C2-loss processes of the parent clus-
ter ions in the after-acceleration processes �17�. The smaller
Cn

+ cluster ions with the sizes n=2, 3, 5, 10, 13, 17, and 21
were used in the energy loss measurements.

Self-supported amorphous carbon foils of 1.0, 3.0, 5.0,
and 10.0 �g/cm2 thickness were prepared as targets in the
experiments. The thickness of the foils was determined by
measurement of the spectrophotometric absorption and trans-
mission of a 340 nm ultraviolet ray. The deviation of unifor-
mity in thickness of the carbon foils was less than 10%.
Carbon foils of 1.0 �g/cm2 thickness were only too thin to
stand self-supportably in fabrication. The 1.0 �g/cm2 carbon
foil was supported by a stainless steel mesh of 0.32 mm
�0.32 mm size to mount on the target frame with an aper-
ture of 10 mm in diameter. The transmissivity of the stainless
steel mesh was 70.9%. The surfaces of the carbon foils were
imaged using an optical microscope. On the 1.0 �g/cm2 car-
bon foil, some cavities of several �m in diameter were
opened through whole thickness. The target frames equipped
with the 1.0–10.0 �g/cm2 carbon foils were set on a mov-
able target holder together with a blank target frame. The
movable target holder was installed vertically with respect to
the beam axis in the scattering chamber.

The third 20° analyzer magnet was set at 1027 mm far
from the target for energy and mass analysis of cluster ions
after transmission through the target carbon foil. Supposing
the charge and the mass of the transmitted cluster ions are
invariant, the energy loss �E of the intact cluster ion can be
described as

�E = E0 − E1 = E0�1 − �B1

B0
�2� , �1�

where B0 is the relative magnetic field corresponding to the
incident energy E0 of the primary beam, B1 is the relative
magnetic field corresponding to the energy E1 after transmis-

sion of the intact cluster ion. The stopping power S of the
intact cluster ion can be described as

S =
�E

�x
=

E0

�x
�1 − �B1

B0
�2� , �2�

where �x is the thickness of the carbon foil. It is necessary to
derive the stopping power per atom for quantitative discus-
sion of the nonlinear effect on the stopping power of the
intact cluster ion. The stopping power per atom S1 of the
cluster ion in consisting of n atoms can be described as

S1 =
1

n

�E

�x
=

1

n

E0

�x
�1 − �B1

B0
�2� . �3�

The relative magnetic fields B0 and B1 can be determined as
peak positions in the energy spectra obtained by scanning the
magnetic field.

The energy of the primary beams was measured by setting
the blank target frame with an aperture of 10 mm in diameter
on the primary beam axis. In the case of the 1.0 �g/cm2

carbon foil, the energy of the primary beam was measured
through the target frame aperture equipped with the blank
stainless steel mesh. At the next step, the target frame
equipped with the carbon foils was placed on the beam axis.
The energy of the transmitted cluster ions was measured
through the target foils. The energy measurements of the
primary beam and the cluster ions were performed under the
condition of the identical target holder except for the exis-
tence of carbon foils.

The analyzed cluster ions were detected using a secondary
electron multiplier CERATRON �EMT-6081B, MURATA�.
The energy losses of the C1

+ atomic ions with the same ve-
locities were also measured. The output signals from the
CERATRON were amplified by a pre-amplifier �109A,
ORTEC� to discriminate against the noise level, and then
accumulated by a count rate meter �449, ORTEC� after am-
plification using a main amplifier �435A, ORTEC�.

III. EXPERIMENTAL RESULTS

We measured the energy losses of 1.5–40 keV/atom slow
Cn

+ �2�n�21� cluster ions propagated through
1.0–10.0 �g/cm2 thin carbon foils. The velocities of the
cluster ions employed in the experiments were less than the
Bohr velocity. Charged particles were only detected after
passing through the thin carbon foils, whereas no neutral
particle was observed in the experiments. The energy spectra
of the 80 keV C2

+, C5
+, and C13

+ cluster ions analyzed by the
third analyzer magnet are shown in Fig. 2. Figures 2�a�–2�c�
are the energy spectra of the primary beams through the tar-
get frame aperture equipped with the blank stainless steel
mesh. Figures 2�d�–2�f�, are the energy spectra of the cluster
ions transmitted through a 1.0 �g/cm2 carbon foil. Two
peaks were observed in the energy loss measurements. The
first peaks located at the same energy position as the primary
beam exhibit no energy loss due to passing cavities through
the whole thickness. The second peaks located at the lower-
energy position than the primary beam exhibit energy loss
due to propagation through the carbon foil. We also observed
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FIG. 1. Experimental setup for generation and acceleration of
the carbon cluster ions. The energy losses of the cluster ions propa-
gated through carbon foils of 1.0–10.0 �g/cm2 in thickness were
analyzed using the third 20° analyzer magnet.
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single-charged fragment ions produced in the carbon foil.
Most of the incident cluster ions were broken up in the car-
bon foil. However, we observed a small amount of intact
cluster ions transmitted through the carbon foil. The intensi-
ties of the intact cluster ions and the fragment ions were
below 1% of those of the primary beam. The intensities were
reduced to a further lower level in the cases of the lower
incident energies.

The energy spectra were measured five times in the cases
of the blank target and the in-foil target, respectively. The
energy spectra of the intact cluster ions through the foil ex-
hibit a clear sharp peak to determine the relative magnetic
fields corresponding to the peak positions. The relative mag-
netic fields B0 and B1 were derived from the mean values of
the peak positions in the five spectra data. The peak positions
in the five energy spectra data of the intact cluster ions
through the blank aperture distributed with a narrow width of
±0.5% around the mean values, whereas the peak positions
in the five energy spectra data of the intact cluster ions
through the foil distributed with a wider width of ±3%. The
mean FWHM �full width at the half-maximum� of the energy
spectra of the intact cluster ions through the blank aperture
was 4.8% of the peak energy, whereas the mean FWHM of
the through-foil energy spectra was 2.2% of the peak energy.
The energy losses and the stopping powers of the cluster ions
in the foil were derived from Eqs. �1�–�3�, using B0 and B1.
The error of energy loss, �E was ±7% due to the error of B0
and B1 derived from the mean values of the five spectra data.

Following Eq. �2�, the energy losses and the stopping
powers of the intact cluster ions were given by the relative
magnetic field at the peak position of respective energy spec-
tra in Fig. 2 of the primary beam and the intact cluster ions
transmitted through the thin foils. The energy losses and the
stopping powers of the C1

+ atomic ions at the same velocities

were also obtained in the same way. The nonlinear effect of
the stopping power of the Cn cluster, consisting of n atoms,
was expressed by the stopping power ratio, which is defined
as the stopping power per atom of the Cn cluster ion divided
by the stopping power of the C1 monoatomic ion at the same
velocity:

R = �dE

dx
�

Cn

	 n�dE

dx
�

C1

. �4�

If the stopping power ratio is different from unity, the stop-
ping power of the Cn cluster should contain a cross term
besides a linear combination of the monatomic stopping
power. We call the cross term a “nonlinear term” associated
with the cluster system. Figure 3 is the stopping power ratios
of the Cn

+ �2�n�21� cluster ions transmitted through a
1.0 �g/cm2 carbon foil. All stopping power ratios in any
cluster size from n=2 to n=21 were less than unity. Remark-
able nonlinear effects in the stopping power of the cluster
ions were observed in the low-energy region from
1.5 keV/atom to 40 keV/atom. In the cluster-size dependence
of the nonlinear effects, one should first pay attention to the
fact that the stopping power ratios of C2

+ were extremely
small as R
0.25 independent of the energy. The C3

+–C10
+

ions exhibited an increment in the stopping power ratio with
the energy compared to C2

+. A slight decrease was observed
in C17

+–C21
+ although it did not appear clearly.

The intensities of the intact cluster ions and the fragment
ions transmitted through the carbon foils decreased consid-
erably as the foil becomes thicker. No transmission without
fragmentation of the larger cluster ions, such as C5

+–C21
+,

through the foils thicker than 1.0 �g/cm2 was observed. The
decrease of the fragment ions was based on enhancement of
the scattering angles after passing through the foils. Another
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FIG. 2. Energy spectra of the 80 keV C2
+, C5

+, and C13
+ cluster ions. �a�, �b�, and �c� are the energy spectra of the primary beams through

the aperture equipped with a stainless steel mesh. �d�, �e�, and �f� are the energy spectra of the cluster ions transmitted through a 1.0 �g/cm2

carbon foil. The energy losses and the stopping powers of the intact cluster ions were obtained from the averaged relative magnetic field at
the peak positions in the two energy spectra, i.e., the primary beam and the intact cluster ions propagated through the thin foils.
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cause was the neutralization by electron capture in the foils
at the low incident energies. In Fig. 4, the stopping power
ratios of the 80 keV C2

+ and C3
+ ions without fragmentation

are plotted as a function of foil thickness. The stopping
power ratios of C2

+, extremely low for the 1.0 �g/cm2 car-
bon foil, rose with an increase in the foil thickness. The
stopping power ratios of C3

+ were almost constant relative to
C2

+, although there were a few variations in the experimental
data.

IV. DISCUSSIONS

The nonlinear effects in the energy loss processes of the
cluster ions seem to be the result of correlated motions
among the cluster constituents while passing through a solid.
The correlated motions among the charged particles passing
through a free electron gas can be theoretically described
�15� using the dielectric formalism derived by Lindhard �18�.
This states that a medium is characterized by a dielectric

function ��k ,�� that depends on the momentum k and the
energy � transferred to the target electrons. The electronic
stopping power of a cluster, which is isotropic and consists
of n atomic ions with the charges Zie, can be written as

Sn = �
i=1

n

Si + �
i�j

Iij�rij� . �5�

The first term in Eq. �5� is a sum of the stopping powers Si of
the isolated atomic ions. Si can be described using the dielec-
tric formalism as

Si =
2Zi

2e2

	v2 �
0


 dk

k
�

0

kv

d�� Im� − 1

��k,��� . �6�

The last term Iij�rij� in Eq. �5� is an interference term that
describes the “vicinage effects” of the spatial correlations
among the cluster constituents. It can be written as

Iij�rij� =
2ZiZje

2

	v2 �
0




dk
sin�krij�

k2rij
�

0

kv

d�� Im� − 1

��k,��� ,

�7�

where rij represents the internuclear distance between the
atomic ions ith and jth. The nonlinear effects are caused
when the internuclear distances among the cluster constitu-
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ents are short, since the electronic stopping power of the
cluster ion is influenced by the interference term that
expresses the interferences of the excitations of the target
electrons.

Generally, in the high velocity region the cluster constitu-
ents lose their bound electrons through electronic interac-
tions when a swift cluster enters a solid. The internuclear
distance between each ion increases as the cluster travels
through the solid due to the Coulomb repulsion. The cluster
constituents act as isolated atomic ions because the correla-
tion among each ion is gradually lost. Therefore, when a
swift cluster enters a thin foil, the nonlinear effects are sig-
nificant because of the short internuclear distances between
the cluster constituents. The interference term Iij�rij� in Eq.
�5� greatly influences the electronic stopping power of a clus-
ter. As the foil thickness is increased, the internuclear dis-
tances between the cluster constituents increases by the Cou-
lomb explosion. The contribution of the interference term
Iij�rij� in Eq. �5� gradually loses relevance. The dependence
between the foil thickness and the nonlinear effects has been
observed in other energy loss measurements �9,10�.

In this study, we derived the energy loss of the slow clus-
ter ions from the intact cluster ions that were transmitted
through a thin foil rather than from the fragment ions. There-
fore, the internuclear distances between the cluster constitu-
ents were considered short and relatively constant in propa-
gation through thin foils. It seems that the nonlinear effects
in the energy loss processes are significant because of the
strong correlation between the cluster constituents. For such
correlations among the cluster constituents, the experimental
results were qualitatively evaluated using a simplified united-
atom model. In this model, a cluster that passes through a
solid is regarded as a single atom. The single atom has an
infinitesimal internuclear distance between the cluster con-
stituents. For the detail of the model, one can refer to
�19,20�. Briefly, the model assumes that the internuclear dis-
tances between the cluster constituents that pass through a
solid are infinitesimally small. Thus, the spatial configuration
of the cluster constituents is not taken into account. Further-
more, the charge state in solids is represented using a rough
approximation. The charge state of a heavy ion in a solid is
an important physical quantity. When the cluster ions are
composed of heavy ions, the charge states in solids are lower
than those of individual atomic ions at the same velocity
�21,22�. Therefore, the charge states of cluster ions in solids
cannot be neglected in the energy loss process. In the united-
atom model, the charge state of a cluster is assumed to be
equal to the charge state of a united atom. Sigmund et al.
qualitatively derived the stopping power ratios that incorpo-
rate the concept of the effective charge of a single atomic ion
with an atomic number Z to the united-atom model with the
atomic number nZ �19�. The authors give an approximation
for the stopping power ratio:

R = n�1 − exp
− v/�nZ�2/3v0�
1 − exp
− v/Z2/3v0� �2

, �8�

where v0Z2/3 is the Thomas-Fermi velocity. When the united-
atom model is applied, a decrease in the stopping power ratio

is expected in the low velocity regions because of the low
effective charge. Alternatively, an increase in the stopping
power ratio is expected in the high velocity region because
of the high effective charge. Both the increase and decrease
effects in the stopping power ratio are significant at the limits
of both velocity regions. The effects also depend signifi-
cantly on the number of cluster constituents n. The united-
atom model can predict the general behavior of the stopping
power ratios derived from some experiments �20�.

When the internuclear distances between the cluster con-
stituents are assumed to be short in this simple united-atom
model, both the spatial correlations and the charge states are
taken into account as a limit of the correlation of the cluster
constituents. Figure 5 is a plot of the stopping power ratios
calculated using Eq. �8� of the Cn

+ cluster ion as a function
of energy E �keV/atom� in the low-energy region. In the
calculation, we used the parameters 2�n�21, Z=6, v0
=2.19�106 �m/s�, and v= �1.606E�1/2�105 �m/s�. In the
low energy region, the united-atom model qualitatively pre-
dicts that the stopping power ratios decrease below unity and
then gradually approach unity as the incident energy in-
creases. Moreover, the model predicts that the stopping
power ratios decrease as the number of the cluster constitu-
ents increases. The result of the analytical approach is a
rough correlation with the experimental results in Fig. 3, the
stopping power ratios of the Cn

+ cluster ions propagated
through a 1.0 �g/cm2 carbon foil. However, the experimen-
tal results of the stopping power ratios are much smaller than
the theoretical values obtained by the united-atom model.
Relatively small values in the stopping power were observed
in C2

+, C17
+, and C21

+ cluster ions. In particular, the stopping
power ratios of C2

+ R
0.25 in experiment are significantly
different from the theoretical results R
0.8. The experimen-
tal data indicating the foil-thickness dependence of the stop-
ping power ratios of C3

+ in Fig. 4 become almost in agree-
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ment with the theoretical results as the foil thickness
increasing. However, significant disagreement between the
theoretical and the experimental values still appear in the C2

+

data in Fig. 4. In the energy loss processes of the slow cluster
ions in a low-energy regime, it is necessary to take into ac-
count the effects of elastic collisions as well as the electronic
interactions. The comparison between more detailed experi-
ments and theories should be conducted for the energy losses
of slow cluster ions passing through thin foils.

V. CONCLUSIONS

We measured the energy losses of slow Cn
+ �2�n�21�

cluster ions in the low-energy region at 1.5–40 keV/atom,
where the velocities of the cluster ions are lower than the
Bohr velocity. For all cluster sizes, we observed a certain low
amount of intact cluster ions propagated through a very thin
1.0 �g/cm2 carbon foil. Propagating through the foils
thicker than 1.0 �g/cm2, no larger Cn

+ �5�n�21� cluster
ion without dissociation was observed. The nonlinear effects
in the energy loss process were derived using the stopping

power ratio, defined as the ratio of the stopping power per
atom of the cluster ion to the stopping power of the single
atomic ion at the same velocity. The stopping power ratios of
the intact cluster ions in all cluster sizes were much smaller
than unity. The authors found the remarkable nonlinear ef-
fects in the low-energy region to be contrary to those pre-
dicted previously for the stopping power of the cluster ions.
The stopping power ratios of the intact cluster ions propa-
gated through the thin 1.0 �g/cm2 carbon foils were quali-
tatively evaluated using the simplified united-atom model. In
the low-energy region, the simple model qualitatively pre-
dicts a decrease in the stopping power ratios as the number
of cluster constituents increases. The simplified united-atom
model can be employed to obtain a rough estimate of the
stopping power ratio behavior. However, the stopping power
ratios of the C2

+ clusters observed in the experiments were
much smaller than unity beyond the values calculated by the
model. The disagreement with the united-atom model in the
dependence on the number of the cluster constituents was
most significant in C2

+ cluster ions.
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