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1. Introduction

Carbon clusters are covalent clusters, particularly robust. Typi-
cally, 6 eV is needed to break a bond between carbon atoms. Because
of that, they are formed and observed in hot media (plasmas, flames)
and play a large role in combustion processes. They have also been
detected in comets and planetary environments, interstellar and cir-
cumstellar medium. In these astrophysical environments, a rich car-
bon chemistry is operating, in which fragmentation plays a large
role. Main contributing processes to the evolution of chemical spe-
cies are dissociative recombination between electrons and cations,
ion-neutral and neutral–neutral reactions, photodissociation and
cosmic-ray induced excitation and ionization. The relative impor-
tance of these processes depends on the considered medium. Still,
the way electronic or vibrational energy deposited in the polyatomic
system will relax is fundamental. Presently there is a lack of frag-
mentation data in astrochemical codes for most of the introduced
species, including carbon clusters. Indeed, although numerous
works have been devoted to carbon clusters [1–3], they mostly rely
on spectroscopic studies and very few on fragmentation, especially
for neutral and multicharged clusters.

In this contribution, we will discuss main features of the present
status of knowledge of fragmentation of carbon clusters, restricting
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to the smallest species (n < 20). In Section 2, we will present an
overview of experimental and theoretical works on carbon clusters
fragmentation. Then in Section 3, we will present the AGAT spec-
trometer devoted to the fragmentation spectroscopy which is in-
stalled at the Tandem accelerator in Orsay (France). This
spectrometer is a high velocity tool, i.e. operating with swift projec-
tiles. The fragmentation of swift clusters, excited in collision with
atoms, has then been studied. In Section 4, we will discuss energy
deposits occurring in these collisions, which are major entries for
the fragmentation analysis. Some fragmentation results and analy-
sis will be presented in Section 5, for neutral carbon clusters, mono-
charged carbon clusters and multiply-charged carbon clusters.
Summary and perspectives will shortly be presented to conclude.

2. Review of experiments and theories on small carbon clusters

In this overview, both prompt and delay fragmentation associ-
ated to various ‘‘detection time windows” and corresponding to
various internal energies of the clusters will be discussed.

2.1. Experiments

Cationic carbon clusters are by far the most studied species.
This is because experimentally the identification of ionic fragments
is easy, using electric or magnetic fields. In pioneering works, Geu-
sic et al. [4,5] studied the photodissociation of Cþn clusters (n = 3–
20) following one and two-photon absorption of 3.5 eV and 5 eV,
detecting the ionic fragment alone by TOF measurement. They
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showed that C3 emission from Cþn (giving rise then to a Cþn�3 ionic
fragment) was the dominant channel. We will present some of
their results in Section 5. Later on, the same kind of apparatus
was used by Bouyer et al. [6] for studying the kinetics of dissocia-
tion of larger Cþn (n = 19–29) species. Metastable dissociation (ls)
of Cþn clusters (n = 5–60) was studied by Radi et al. [7] also quite
a time ago. This long lived dissociation is associated to small en-
ergy deposits so that information on lowest energy dissociation
channels is accessible by this method. Radi et al. showed that the
lowest energy channel involves C3 emission for n < 20, C5 emission
for n < 30 and C2 emission for n > 30. Fragmentation of Cþn clusters
following low energy collisions (CID) with gases was investigated
by various authors in the keV [8] and eV [9,10] collision energy re-
gime (and n = 2–19). We will discuss results of Lifshitz et al. [8]
also in Section 5.

Fragmentation of neutral clusters is much less documented. In
order to detect neutral fragments, neutral clusters must have been
previously accelerated. Choi et al. [11] accelerated at keV energy
anionic Cn (n = 4–6) that they photodetached with a first laser be-
fore studying the photodissociation of neutral Cn with a second la-
ser. The experimental method only allowed two-fragments
dissociation to be studied. Kinetic energy distributions of both frag-
ments were recorded in coincidence for main channels
ðC3=C;C3=C2;C4=C;C3=C3Þ and were compared favourably to results
of the statistical PST (Phase Space) theory. This demonstrated an
efficient conversion of the electronic excitation (laser) into vibra-
tional excitation in the electronic ground state (as assumed within
PST). Fragmentation of Cn clusters (n = 3–4) following dissociative
recombination (DR) between merged electrons and Cþn cations
was studied recently nearby the Astrid storage ring [12]. In this pa-
per the competition between two relaxation channels (IR emission
and dissociation) was also discussed based on theoretical estimates.

Fragmentation of multiply-charged carbon clusters is almost
unknown. Some indirect information was obtained on multi-
charged fragments of multicharged C60 [13] but no extensive study
existed until our measurements (see Section 5). The fragmentation
of anionic carbon clusters, that we will not discuss in this paper, is
also rather unexplored. Crude experimental information on frag-
mentation [14] allowed to conclude to preferential C3 emission,
in accordance with dissociation energy calculations [15]. An inter-
esting topics relates to the competition between detachment [16]
and dissociation, poorly investigated.

2.2. Theories

Fragmentation theories all rely on robust structure calculations.
First post Hartree–Fock calculations on Cn and Cþn clusters were car-
ried out by Raghavachari et al. (n = 2–10) [17]. In this study, basic
results were established, amongst them the highest stability of
odd clusters as compared to even clusters (for neutral and, in a les-
ser extent, for cations). Indeed, in linear odd neutral clusters, elec-
tronic shells are closed although this is not possible for linear even
Fig. 1. Schematic view of th
clusters. In this last case, cyclic isomers exist that are very close in
energy. There is still work on the separation between isomers of
even clusters (in particular CðþÞ4 ;CðþÞ6 ) and the uncertainty on mea-
sured ionization energies resulting from that [18,19]. An extensive
work within DFT (density functional theory) and CCSDT (coupled
cluster theory) has been carried out by the group of Martin et al.
[20] on neutral Cn (n = 2–18). The same kind of calculations was car-
ried out by the group of Alcami et al. on Cn , Cn

+ [21], Cþþn [22] and
Cþþþn [23] species (n = 1–10/12). On the other hand, semi-empirical
models were developed for neutral and charged clusters (n 6 14, 20
and 60) for dynamical application purposes [24]. In addition to
these studies in electronic ground states, calculations on electronic
excited states of Cn and Cþn were carried out by various groups
[25,26]. Also, ab initio calculations of the ionization spectrum of
Cn clusters were performed by Ohno et al. [27] and Deleuze et al.
[28,29] for n 6 13. This ionization spectrum provides the excitation
energy distribution of ionised Cþn , as will be seen in Section 4.

Most theoretical studies concerning the fragmentation of car-
bon clusters have been conducted within a statistical framework.
In this one, it is assumed that the energy of the cluster is concen-
trated on the electronic ground state and is shared between vibra-
tional and rotational excitation. Amongst statistical approaches the
phase space theory (PST) was used for extracting, from metastable
dissociation of Cþn , dissociation energies in these species [30]. The
simulation of kinetic energy distributions of fragments in the pho-
todissociation of Cn clusters was obtained in a satisfactory way
using the PST theory by Choi et al. [11]. The importance of consid-
ering all possible isomers for prediction of dissociation branching
ratios of C4 and C5 was studied theoretically again with the PST
theory by Calvo and Parneix [31]. Nevertheless, the most complete
statistical fragmentation study of neutral carbon clusters was car-
ried out by Diaz-Tendero et al. [32] within the Weisskopf and
MMMC (Microcanocical Metropolis Monte Carlo) models through
many aspects: consideration of all possible dissociative channels,
introduction of a large number of isomers, inclusion of rotational
energy, examination of kinetics. The MMMC model has been com-
pared to experiment (Section 5.1).

Another approach of fragmentation is furnished by molecular
dynamics. This approach usually requires, for practical application,
a rapid fragmentation (100 fs) and may then cause problems when
the dissociation is not fast enough. But it may be well adapted for
dissociation occurring in multicharged species, as planned to be
done for the fragmentation of Cqþ

n clusters (see Section 5).

3. The AGAT fragmentation spectrometer

A schematic view of the spectrometer is shown in Fig. 1. After
collision of a swift Cþn projectile with an atom in the gaseous jet,
fragments are deflected, according to their charge over mass ratios,
by an intense electric field and impinge on solid-state surface bar-
rier detectors which provide transient currents. The analysis of the
current shape allows to resolve the number and the mass of each
e experimental set-up.



Fig. 2. Resolving power for the five relaxation channels of excited C4 clusters as a function of the cluster velocity. (a)–(c) Refer respectively to 83, 166 and 333 keV/u.
Relaxation channels are, from left to right: C4, C3/C, 2C2, C2/2C and 4C.
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fragment impinging on the detector [33]. The resolving power in-
creases with the fragments velocities, as illustrated in Fig. 2. The
seven detectors, operating in coincidence, cover the whole solid
angle. For each event, the charge state of the cluster after the col-
lision is reconstructed and the associated fragmentation separately
recorded. Fragmentation of neutral Cn clusters occurs after neutral-
ization (electron capture) of Cþn in the collision. Fragmentation of
Cþn clusters is due to dissociative electronic excitation in the colli-
sion. Fragmentation of (respectively Cþþþn ; Cþþþþn ) is due to single
ionization (respectively, double ionization and triple ionization)
in the collision. Results presented below are obtained with colli-
sion with helium atoms and projectile velocity of 2.6 a.u (2 MeV /
carbon atom).

4. Energy deposits in clusters excited in high velocity collisions

Energy deposits are not measured in the experiment. An exper-
imental estimate may be extracted from the fragmentation multi-
plicity distribution (ie distribution of the number of emitted
fragments) as will be discussed below. Another possibility is to cal-
culate the energy deposit taking place during the collision. This is
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Fig. 3. Internal energy distributions of C9 (a), C9
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what we did for the excitation and ionization processes, using a
simple collisional modelling in which clusters are assumed to be
made of independent atoms (IAE model). The method has been de-
scribed for excitation [34] and it was found that the energy deposit,
centered around 18 eV, was not changing much with the cluster
size.

The internal energy of ionised clusters comes (mainly) from the
fact that ejection of inner valence electrons takes place during the
collision. The energy distribution due to single ionization f ðESI

ionÞ is
expressed as

f ESI
ion
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where Ea represents the energy of level a in the ionised cluster, IP is
the ionization potential of the parent (neutral) cluster, f ðaÞi the pole
strength which provides the probability of populating level a by
ejecting an electron of the ith molecular orbital, rðiÞ the cross section
for ionising this molecular orbital i and rtot the total single ionisation
cross section. This formula resembles expressions used in photoion-
isation of molecules [35]. We used Ea and f ðaÞi values calculated by
Ohno et al. [27] (see Fig. 3(c) for C9), giving very close results to those
nergy (eV)
20 30 40

Energy Eα (eV) 
0 10 15 20 25 30 35

Po
le

 s
tre

ng
th

 f i
α

0

10

20

30

nergy (eV)
40 60 80

Internal energy (eV)
0 20 40 60 80 100

In
te

ns
ity

 (a
rb

.u
ni

ts
)

5

c

f

e high velocity collision. In (c) are reported calculated ionization energies and pole



K. Béroff et al. / Nuclear Instruments and Methods in Physics Research B 267 (2009) 866–871 869
of Deleuze [28,29]. Ionization cross sections rðiÞ were calculated
within the IAE model [36] assuming all outer valence (respectively,
inner valence) electrons to be atomic 2p (respectively, 2s) electrons.
Note that the separation between outer and inner valence electrons
is very clear for all cluster sizes in the work of Ohno and Deleuze (see
Fig. 3(c) the case of n = 9). Assuming independent ionizations, inter-
nal energy distributions following double ionization (DI) and triple
ionization (TI) were calculated by convoluting f ðESI

ionÞwith itself once
(DI) and twice (TI). Since clusters formed by ionization are multi-
charged, the coulomb energy had to be added. The coulomb energy
was calculated in the model of point charge. We assumed
unscreened charges placed at the nuclei of the atomic ionised sites,
obtained within the IAE model. Finally, internal energy due to elec-
tronic excitation associated to ionization, contributing typically 15%
whatever n and the ionization degree, was added.

For electron capture, no calculations were performed. The en-
ergy deposit distribution has been extracted from the statistical
analysis of the fragmentation (see Section 5.1) and was a priori
not predictable.

In Fig. 3 are presented internal energy distributions of C9

(Fig. 3(a)), Cþ9 (Fig. 3(b)), Cþþ9 (Fig. 3(d)), Cþþþ9 (Fig. 3(e)) and
Cþþþþ9 (Fig. 3(f)). In order to discuss the fragmentation of these
clusters in Section 5, the internal energy E(inc) of incident Cþn clus-
ters (before the collision) was added. Mean values of E(inc) are be-
tween 3 and 5 eV depending on n [36]. Altogether, the size effect is
not large and Fig. 3, reported for n = 9, is typical of energy distribu-
tions for all n values.

5. Fragmentation analysis

5.1. Neutral clusters

The complete fragmentation of excited Cn clusters has been re-
corded (n 6 10) and may be found elsewhere [37]. The analysis of
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Fig. 4. Fragmentation branching ratios Cþn P Cp/Cþn�3 as a function of the neutral fragment
CID (open circles [8]) and photodissociation (open triangles [4]).
the fragmentation has been conducted within the MMMC formal-
ism and conclusions have also been reported [38,39]. To summa-
rize, it has been shown that the MMMC model could quite
satisfactorily reproduce the numerous experimental branching ra-
tios from n = 5 (7 channels) up to n = 9 (29 channels), basically with
the same internal energy distribution for all sizes. This shows that
there is an efficient electron–phonon coupling in these systems, al-
ready for small sizes (n = 5) and for quite large internal energies
(see Fig. 3(a)).

5.2. Mono-charged clusters

All fragmentation channels have been recorded for Cþn clusters
(n = 2–10) [37]. For all sizes (n > 2), three-fragments break-up
dominate, in accordance with calculated deposited energies
(Fig. 3(b)). The MMMC model, applied to Cþ5 , could hardly predict
the placement of the charge on the fragments [36]. On the other
hand comparison, for two-fragments break-up, of these fragmenta-
tion branching ratios with those obtained in photodissociation and
CID , shown in Fig. 4, indicates that the way energy is deposited
plays little role. Since CID branching ratios are very close to the
others, it also indicates that dissociation indeed proceeds mainly
through the electronic ground state, that means, is statistical.
There seems then to be still some theoretical problems to tackle
on these systems Fig. 5.

5.3. Multi-charged clusters

Multiplicity distributions of Cqþ
n clusters have been found cen-

tered around 2, 4/5 and 7 fragments respectively for q = 2–4. For
n = 9, this roughly corresponds to mean internal energy distribu-
tions of Fig. 3 divided by bond dissociation energies but this corre-
spondence does not hold for all systems and a close examination
reveals more subtle energy sharing. Two-fragments branching ra-
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tios of Cþþn clusters are dominated by fission channels with C+

emission the most probable channel for n 6 7 and Cþ3 emission
the most probable for n > 7 as illustrated in Fig. 6. This behaviour
does not follow dissociation energies [22]. Triply charged clusters
have very low two-fragments branching ratios (a few %) and those
are dominated by C+ emission which is predicted exothermic by
theory [23]. The full set of data, which is very large will be pub-
lished elsewhere. For these systems, specific theoretical fragmen-
tation theories must be developed due to the introduction of
long-range coulomb forces.

As a short conclusion, we showed that fragmentation of elec-
tronically excited neutral and monocharged small carbon clusters
appeared to be driven by an efficient electron–phonon coupling
leading to results in accordance with statistical expectations. The
analysis of fragmentation of multicharged species, whose only a
small part was shown here, has to be done. Other interesting car-
bon-based molecules are now studied [40] and additional informa-
tion on fragments momenta planned for the future.
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