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Abstract. The emission of small (hydrogenated) carbon cluster ions CnH+
m (n = 2–22) upon highly charged

Xeq+ (q = 20–44) impact on C84 surfaces is studied by means of time-of-flight secondary ion mass spec-
trometry. The respective stage of hydrogenation/protonation of a certain carbon cluster ion C+

n is a strong
indication for its geometrical structure. From the cluster ion yield as a function of cluster size it can
be concluded, that the hydrogenation takes place after the initial carbon cluster formation. The carbon
clusters seem to be emitted as an entity in agreement with “equilibrium” and “shock wave” models.

PACS. 36.40.Jn Reactivity of clusters – 61.48.+c Fullerenes and fullerene-related materials –
79.20.Rf Atomic, molecular, and ion beam impact and interactions with surfaces

1 Introduction

Exposition of a solid surface to energetic (keV) ions leads
to the ejection of particles from the topmost layers. The
so called sputtering process depends strongly on the type
of the projectile ion. Singly charged atomic projectiles
are commonly used for surface preparation. Mass spec-
trometry of charged sputtered particles (secondary ion
mass spectrometry, SIMS) is a standard tool for sur-
face analysis [1]. In a typical SIMS experiment the sput-
tered flux consists of (neutral and ionic) constituents of
the surface, i.e. atoms and small molecules. However,
even singly charged projectiles can eject larger entities
from e.g. graphite surfaces, such as C+

n cluster ions with
nmax ≈ 30 [2]. Unfortunately most of the sputtered ma-
terial is neutral. Postionization is experimentally difficult
and leads to additional excitation of the sputtered clus-
ters which might alter the initial mass distribution. It is
therefore straightforward to use projectiles which lead to
a higher secondary ion yield, e.g. multiply charged pro-
jectiles [3]. Three possibilities which recently have been
employed to sputtering of C+

n clusters from surfaces are
impact of polyatomic projectiles on graphite and organic
samples [4], MeV projectiles on polymer surfaces [5] as well
as slow highly charged ions (HCI) on various surfaces [6].
In the latter study, Xe44+ was used to bombard e.g. a
C84 target. In that case, the sputtered ion mass spectra
extended to more than 200 C units. The yield of (small)
cluster ions of size n followed a power law distribution
Y (n) ∝ n−τ , indicating the emission of clusters as an
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entity rather than cluster formation from independently
excited atoms. It was concluded that the mass distribu-
tion depends strongly on the lifetime of a localized HCI
induced excitation of a small near–surface volume.

However, the clusters were detected after only about
1 µs – an intermediate time for cluster fragmentation pro-
cesses. Furthermore, the resolution of the study was lim-
ited to the separation of C+

n clusters, i.e. the influence
of hydrogen present at the surface could not be stud-
ied. This paper should shed some light on formation as
well as hydrogenation/protonation of C+

n (n ≤ 22) clus-
ters sputtered from a C84 target, continuing the studies
mentioned above [6]. The obtained reactivity of the small
carbon clusters will be compared to results obtained in
gas-phase experiments, in particular to obtain informa-
tion on electronic and geometrical cluster structure.

2 Experiment

Highly charged Xe ions were extracted from the Electron
Beam Ion Trap (EBIT) at Lawrence Livermore National
Laboratory [7], and reached the target chamber after mo-
mentum analysis in a 90◦ bending magnet. The extraction
potential was set to 7 kV and projectiles of different charge
states, q, reached the scattering chamber with kinetic en-
ergies of 7q keV. The influence of the kinetic energy on the
emission of secondary ions following the impact of highly
charged projectiles has been found to be small in the en-
ergy range of several hundred keV [8]. The pressure in
the scattering chamber was kept at about 5×10−9 torr
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Fig. 1. C7Hm–C11Hm part of a TOF-SIMS spectra for 211 keV
Xe44+ projectiles impinging on solid C84. For the C7 and C9

based clusters (odd n), the singly hydrogenated complex is
most prominent, for C8 and C10 based clusters (n even) it is
the doubly hydrogenated one. From n = 11 on, the pure carbon
cluster becomes strongest.

during analysis. Projectiles were decelerated by a target
bias of +2.2 kV and impinged on the target with an inci-
dent angle of 45◦. The beam spot had a diameter of about
1 mm. Positive secondary ions were extracted into a re-
flectron type time-of-flight secondary ion mass spectrome-
ter. Details of the experimental setup have been described
in reference [9]. The mass resolution of the spectrometer,
m/∆m, was about 900 at 120 amu. The highly charged ion
intensity was typically 1000 ions/s and time-of-flight cy-
cles were started by protons that were emitted following
the impact of individual projectiles. The start efficiency
for protons is ≈50% for Xe44+. If no proton is detected
following the impact of a highly charged projectile, then
a time-of-flight cycle may be started by heavier secondary
ions such as H+

2 , H+
3 , etc. Flight times of secondary ions

detected following non-proton starts (“false starts”) are
shifted relative to the dominant features of proton started
spectra and are easily identified with time to mass cali-
bration of the proton started features.

As target we used a micron-thick C84 layer, vacuum
deposited on a Si(100) wafer. Prawer et al. [10] studied
the damage of C60 films as a function of 620 keV Xe+

exposure using e.g. Raman spectroscopy and atomic force
microscopy. They found considerable destruction of the
fullerene due to nuclear stopping for doses higher than
1011/cm2. In our flux regime, we therefore expect degra-
dation of the film only after several days of exposure. How-
ever, the ordering of the C60 film is distorted at much lower
doses. Surprisingly, the ion beam radiation damage of thin
fullerene films is due to nuclear rather than electronic en-
ergy transfer [11].

3 Results and discussion

Figure 1 shows a part of a m/q spectrum of sputtered clus-
ters for 211 keV Xe44+ impact on a C84 surface. It is obvi-
ous, that for each base carbon cluster (C7 to C11) a multi-
plet of peaks is found. Besides the bare carbon clusters also
species with one to three additional H atoms are promi-
nent. Formation of hydrocarbon clusters has also been ob-
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Fig. 2. m/q spectra for the same data as in Figure 1. The
peaks for all relevant CnHm clusters for n =3–22 are shown
with separate plots for each n. Each plot ranges from mass
number 12n− 1 to 12n+ 6.

served in MeV ion collisions with fullerene films [12]. The
hydrogen originates most probably from surface contam-
ination but also bulk contamination during film growth
cannot be ruled out. The relative intensities of the C+

n and
the CnH+

m respectively depend strongly on the number of
carbon atoms n. For n = 7 the C7H+ peak is strongest,
i.e. formation of the monohydro product is preferred. The
same holds for C+

9 . In case of the C+
8 and C+

10 clusters the
dihydro products C8H+

2 and C10H+
2 are dominant. C+

11 is
most abundant in its bare form. In all cases the trihydro
species are already relatively weak and clusters containing
more than three hydrogen atoms have negligible intensity.

The peaks shaded grey do not follow the systematic
size dependence of the hydrocarbon clusters. Most prob-
ably, these peaks are due to contaminants on the surface
which stem from the target handling.

The overall pattern can be studied in the m/q spectra
of Figure 2. The data shown are from the same spectrum
as in Figure 1. A different behaviour is found for odd and
even n respectively. In case of odd n values (n ≤ 10) the
monohydro species (CnH+) is always the most prominent
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peak being relatively strongest for n = 9. For even n val-
ues (n ≤ 12) on the other hand the dihydro product is
strongest. The n = 11 cluster family is the first with com-
pletely different peak ratios, the bare C+

11 is by far the
strongest structure. The same holds for n = 15. With this
exception, all clusters (even and odd) show a similar be-
haviour for n > 12. The relative yield of bare C+

n is the
highest and it increases with n. The dihydro species yield
always exceeds the one of monohydro species.

To interpret these findings it is helpful to first summa-
rize some recent findings on the geometrical and electronic
structure of carbon clusters.

From theoretical studies it is known, that (neutral and
positively charged) carbon clusters all possess low-energy
linear geometries for n < 10 [13]. For even n, also cyclic
isomers are possible and seem to be even slightly lower in
energy. Nevertheless, these geometries are less abundant
because of their much lower entropy, and therefore they
are difficult to detect experimentally [13,14]. In case of
n = 10 the cyclic isomer is about 1 eV more stable than
the linear one, therefore this cluster represents a transi-
tion between linear and cyclic structures. Larger n values
should always lead to cyclic structures. For the small linear
clusters a cumulenic bonding structure (:C=C=C=C=C:)
is expected. Judging from this, no difference in the reactiv-
ity regarding hydrogen should be observed. Reaction ex-
periments involving gas phase carbon clusters and molec-
ular hydrogen however indicate that the even numbered
carbon clusters C4, C6 and C8 (as well as the linear iso-
mers for clusters with larger n) have a polyyne structure
with alternating bonds (·C≡C–C≡C–C≡C·) [15]. H atom
addition to both highly reactive ends of such a chain leads
to CnH2 which is indeed the most prominent peak for
n ≤ 10 (n even) in Figure 2. The same was also found by
Kroto et al. [15] for reactions of gas phase Cn with H2 and
H2O, i.e. condensation of the Cn clusters in He-buffer gas
contaminated with small amounts of H2 or H2O. For the
odd clusters no polyyne bonding is possible so they have
to possess the less reactive cumulene structure. Indeed we
observe the CnH+ to be strongest for n ≤ 10 (n odd).

It has to be noted, that a comparison of reactivities
of neutral and ionic clusters can be critical. However, in
cluster sputtering experiments the formation of the final
charge state and the cluster conformation itself cannot be
clearly separated.

The reactivity of larger carbon clusters (n = 8−37)
during their formation phase has been studied experimen-
tally by Hallett et al. [16]. The relative intensities of pure
Cn and CnHm depend strongly on the hydrogen concen-
tration in the buffer gas used during cluster vaporization
from graphite. For low concentrations and even n, a clear
dihydro contribution CnH2 is found exceeding the pure
Cn peak. These findings are in some agreement with our
results in the sense, that the dihydro species exceeds the
CnH+

m maxima. The fact that we observe the bare C+
n as

strongest might be due to a lower amount of hydrogen
available in our experiment. For the “magic” clusters C11,
C15 and C19 Hallett et al. find the bare carbon cluster
to be most intensive. This is in agreement with our data
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Fig. 3. Relative yields of C+
n (•), CnH+ (�), CnH+

2 (�) and
CnH+

3 (◦) as a function of the number of carbon atoms n. The
integral of these four peaks is taken as reference.

(especially for n = 11, 15) and might be due to the high
stability of the magic numbered clusters. On the other
hand, our results regarding the n = 13, 17 clusters show no
peculiar behaviour whereas Hallett et al. find these clus-
ter families to be strongly suppressed. For the remaining
odd values of n their results show substantial bare clus-
ters with increasing importance of the monohydro species
whereas we just observe a high bare cluster yield and weak
monohydro and dihydro products over the whole range.

Figure 3 quantifies the statements from above. To ob-
tain the relative values the integrals of all CnH+

m (n =
3−20, m = 0−3) peaks have been calculated and divided
by the sum of all four peaks (m = 0−3) for a given n. The
evaluation is complicated by the 1.108% natural abun-
dance of 13C. For instance 12CnH cannot be separated
from 12Cn−1

13C. With increasing n this effect becomes
important and the data in Figure 3 have been corrected
accordingly – as an example, for the singly hydrogenated
species the raw data are plotted in light gray. For higher
degrees of hydrogenization, the isotope effect has also been
corrected.

From Figure 2 it is obvious that for a given n by far
the most clusters contain less than four H atoms.

For even n and n ≤ 12 CnH+
2 is dominant. Over

the whole range it exceeds the monohydrogenated CnH+.
The pure C+

n cluster intensity starts relatively low and
increases monotonically for n > 8. The trihydrogenated
species are weak over the whole range.

For odd n and n < 11 the CnH+ is relatively strongest.
With increasing n the dihydro species becomes more im-
portant and is relatively stronger for n > 11. For low n
the pure carbon cluster Cn is always exceeding the neigh-
bouring values for even n (the usual even-odd oscillations
observed in most mass spectra of small carbon clusters).
For n > 9 the relative C+

n yield generally increases though
not monotonically (because of the extremely high values
for the magic numbers n = 11 and n = 15).

The similarity of gas phase and HCI induced sputter-
ing experiments is not surprising since in our experiment
energy deposition and cluster formation are largely decou-
pled. The (potential) energy deposition itself takes place
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Fig. 4. Secondary ion counts per projectile of Cn, CnH, CnH2

and
P3

m=0 CnHm ions as a function of carbon cluster size n for
Xe44+ impact. The number of start signals (detected protons)
is defined as unity. The solid lines are power-law fits with the
exponent τ given on each plot.

on a 10 fs timescale (neutralization and deexcitation of the
projectile above and within the first layer). Energy redis-
tribution processes and the transfer from electronic exci-
tation to kinetic energy of target constituents on the other
hand occurs on typical vibrational timescales of 100 fs and
several ps.

The absolute cluster yields for the CnH+
m species are

shown in Figure 4, again for 211 keV Xe44+ projectiles.
The number of start signals is taken as a reference. It is ob-
vious, that for all stages of hydrogenation the cluster yield
decreases with n. The solid lines on the double-logarithmic
plots are power-law fits Y (n) ∝ n−τ with τ indicated on
each plot. The cluster size dependence of the bare car-
bon cluster shows an overall agreement with a power law
(τ = 1.28±0.19) but is dominated by even-odd oscillations
and the strong magic numbers n = 11, 15. The monohy-
dro species shows better agreement with a power-law fit
(τ = 2.35±0.15) but still even-odd oscillations are visible.
As expected, no strong maxima corresponding to magic
numbers are observed. For the dihydro species, the oscil-
lations vanish and the fit is nearly perfect τ = 2.0±0.08).
The last figure shows the summed data which is described
by a fit with τ = 1.83± 0.09.

It is a quite general phenomenon, that multifragmen-
tation processes give rise to mass distributions following
a power law with critical exponents around τ = 2, e.g. in
collisions of MeV 12C with 108Ag (τ = 2.18) or collisions
of two basalt spheres (τ = 1.68) [17]. In [6] it was already
shown for Xe44+ impact on a fullerene surface, that from
the power-law dependence of the sputtered cluster yield
the underlying mechanism can be concluded to be abla-
tion of complete clusters rather than formation of clusters
from sputtered atoms and molecules. Hamza et al. [18]
found the same power law dependence in HCI induced
sputtering of (UOx)+

n clusters from UO2 targets (τ ≈ 2).
Apparently the sputtering process can be viewed as a frag-
mentation of the surface. Two models for the sputtering
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a function of the carbon cluster size n for 7q keV Xeq+ impact
(q = 20–44). The number of start signals (detected protons) is
defined as unity.

mechanism could be (i) the emission as entity model [19]
in which the incoming ion causes a shock wave and clus-
ters are ablated from the near-surface region subsequently
and (ii) the cluster sputtering model [20] in which a small
area of the surface is assumed to undergo liquid-gas phase
transition due to the large amount of locally deposited
energy. Both models lead to exponents around −2 and
therefore it is impossible to decide which model is correct.
A possible explanation for model (i) could be a Coulomb
explosion due to the large amount of charge deposited into
the surface on a short time-scale [21].

As mentioned above the CnH+
m yields in Figure 4 do

not exactly follow a power law with τ ≈ 2 for m = 0, 1
(τ = 1.28, 2.35), whereas the total yields (τ = 1.83) are
close. Within the cluster sputtering models this can only
be explained by a two step model: the hydrogenation takes
place in a late stage of the desorption process after Cn
cluster formation in the primary excitation process, i.e.
for a given n all CnH+

m clusters stem from the same Cn
parent which may pick up hydrogen when leaving the sur-
face. In this sense bare clusters are emitted as an entity.
The hydrogen pickup is expected to be sensitive to clus-
ter geometry, size and reactivity, which explains the good
overall agreement with the gas phase experiments men-
tioned above.

The dependence of the cluster size distribution on the
projectile charge state is shown in Figure 5 for Xeq+ im-
pact on C84.

It is obvious, that for all charge states (except q = 20
for which just small clusters are observed) a linear n de-
pendence is observed in the double-logarithmic plot. In
particular, the exponents n for q = 26, 31, 37, 44 are 1.85,
1.8, 2.05 and 1.83 respectively. Furthermore, an increase
of the absolute yield with the projectile charge state q
is observed. This increase is clearly due to the increased
potential energy of the projectile (the kinetic energy of
the projectile is expected to be negligible for HCI induced
sputtering [7,8]) and has been found for several other col-
lision systems.
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An open question is whether the presented results are
specific for a fullerene target. The fact, that we observe
sputtered (or desorbed) fullerene ions between C84 and
C60 (not shown in the figures) is certainly a unique fea-
ture of fullerene targets. For the low mass region the
answer is more difficult. Gas phase collisions of C+

60 with
H2 and He (v ≈ 0.1 a.u. [22,23]) give rise to mass spectra
of intermediate fragment C+

n cluster sizes with maxima
at the magic numbers n = 15 and n = 19. Besides the
Cq+60 with the respective evaporation series Cq+60−2n an ad-
ditional group of fullerenes is observed with n ≈ 44. In
our sputtering experiments, we observe a completely dif-
ferent small fragment distribution and find no indication
for a fragmentation pattern around n ≈ 44. On the other
hand, in gas phase collisions of highly charged ions with
fullerenes at v ≈ 0.2−0.4 a.u. a bimodal distribution is
observed, i.e. the maxima are found at n = 1 and n = 60
and no clusters of intermediate size (n ≈ 20−40) are ob-
served [24–27]. Projectiles with large potential energy can
lead to an excitation of the fullerene which is sufficient to
erase all structural information.

Based on that, it can be expected to observe emitted
cluster distributions similar to those of C84 targets when
sputtering graphite or maybe even diamond targets. Minor
differences could be expected due to the different bond-
ing of the carbon allotropes (graphite: sp2, diamond: sp3,
fullerenes: sp2 and sp3).

4 Summary

The emission of C+
n clusters upon C84 film bombardment

by slow Xeq+ ions is due to emission of entire clusters from
the surface. Hydrogenization takes place as a final step
during desorption, after the primary sputtering process.
In this sense, we observe no full “emission as entity”.

The degree of hydrogenization of a particular C+
n clus-

ter allows a rough determination of its geometry. In accor-
dance with gas phase experiments, for n ≤ 10 cumulenic
or polyyne bond linear clusters are most probable, whereas
the larger clusters seem to be cyclic. The results of cluster
sputtering and hydrogenization by HCI are very similar to
the results of gas phase carbon cluster formation in hydro-
gen rich environments, suggesting that also for the system
under study, the formation of positive hydrocarbon clus-
ters is dominated by the chemical properties of carbon
rather than by different primary excitation mechanism.
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