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Abstract. Highly charged sodium clusters produced in collisions between neutral clusters and multiply
charged ions are formed within a large range of temperatures and fissilities, and identified by means of a
high-resolution reflectron-type time-of-flight mass spectrometer (m/δm ≈ 14 000). The limit of stability
of these charged clusters is experimentally investigated, and the time-of-flight spectra are compared with
theoretical spectra based on Monte-Carlo simulations. The results indicate that the maximum fissility (X)
of stable clusters is approaching the Rayleigh limit (X = 1) for larger clusters sizes. It is mainly limited
by the initial neutral cluster temperature (T ≈ 100 K) and the energy transfer in the ionizing collision.
In addition, the comparison between the measured and simulated spectra suggests for high cluster charges
a multi-fragmentation process, in which most of charge is emitted, creating low charged residual cluster
ions.

PACS. 36.40.Wa Charged clusters – 34.70.+e Charge transfer – 36.40.Qv Stability and fragmentation
of clusters – 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

The stability of complex systems depends on the strength
of the intermolecular forces, on the amount of energy
stored in different internal modes and in the case of small
or finite-size systems on the excess of charges carried by
the system. In the case of atomic clusters, the size of the
object can be varied over a very large range and due to
improved experimental techniques the charge state as well
as the internal energy can be “controlled”. This allows a
better insight into the onset of the Coulomb instabilities
and the dominant decay mechanisms [1].

The Coulomb instability in finite systems results from
a competition between cohesive surface energy and disrup-
tive Coulomb energy. Lord Rayleigh was the first to study
this problem theoretically in 1882 [2]. He calculated the
maximum electric charge a liquid conducting drop, in
the spherical equilibrium shape, can stand. In this case,
the drop becomes spontaneously unstable regarding the
loss of charged fragment(s) when the Coulomb energy
Esphere

c overcomes twice the surface energy Esphere
s :

Esphere
c ≥ 2Esphere

s . (1)
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Later, on a totally different length scale and for systems
where the charge is volume distributed (atomic nucleus),
this competition has been quantified for the nuclear fis-
sion, within the liquid-drop model [3], by the introduction
of the fissility parameter X defined as

X =
Esphere

c

2Esphere
s

· (2)

The case X = 1, the so-called Rayleigh limit for Coulomb
instability, has never been established explicitly in the ex-
periment. Nuclear fission is usually observed for X < 1 as
a thermally activated process. The nucleus must overcome
a barrier in order to fission, the height of which converges
towards 0 as X approaches 1 [3].

For a metal cluster of size n and charge q, the equa-
tion (2) can be written as

X = α

(
q2

n

)
, (3)

where α ≈ 2.5 for sodium (of interest in this paper) [1].
The limit X = 1 corresponds to a critical size ncr(q),
which depends on the charge state q of the cluster (e.g.,
ncr = 90 for q = 6). However, as in nuclei, due to the finite
internal energy the systems with X < 1 are metastable
and the observed size limit in the measured mass spec-
trum, the appearance size napp(q), depends on the vi-
brational temperature and the experimental time scale.
Moreover, when clusters are ionized in peripheral collision
with highly charged ions, the excitation energy transferred
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to the cluster is predicted to be very low and the stability
is mainly limited by the initial cluster temperature [4,13].
Ionization by highly charged ions allows to produce “cold”
highly charged clusters in a large range of fissilities, below
and well above X = 1 [5]. The fissility of the prepared
clusters is not limited by the competition between fission
and evaporation processes as in photo-ionization exper-
iments (Xmax ≈ 0.3 for sodium clusters ionized by laser
ionization) [6,7]. Therefore, this method opens up also the
possibility to prove the validity of equation (1) and to in-
vestigate in detail the fragmentation processes of “cold”
systems.

This paper is organized as follows. The experimental
set-up is detailed in Section 2 and the main results are pre-
sented in Section 3. In Section 4, we discuss and compare
the experimental results with simulated spectra obtained
with a simulation program. Finally, conclusion follows in
Section 5.

2 Experimental set-up

Details of the experimental apparatus are given in refer-
ence [8]. In brief, neutral sodium clusters are produced in
a gas aggregation source, where condensation occurs in a
atmosphere cooled with liquid nitrogen at approximately
100 K [9]. A thermostated heat bath can be added to
increase the cluster temperature T [10]. A beam of neu-
tral clusters is formed, and after passing through differ-
ential pumping stages it crosses perpendicularly a pulsed
beam of multiply charged ions Az+. The ionized clusters
Naq+

n and fragments are separated according to their size
to charge ratio n/q by a high-resolution reflectron-type
time-of-flight mass spectrometer. They are detected by
two cascaded rectangular microchannelplates. The multi-
hit detection system works in an event-by-event acquisi-
tion mode, which registers successively arrival times of all
clusters which reach the detector.

The characteristic mass resolution of the reflectron-
type spectrometer is m/δm ≈ 14 000 (measured
for Na+

100), which allows to identify peaks of 10-fold
charged clusters as displayed in Figure 1, and to extract
easily the appearance sizes for charges up to q = 10. The
appearance size napp(q) is determined as the threshold of
the rising intensity for a q-times charged cluster (see [11]
for more details).

3 Experimental results

The observed appearance size napp(q) depends on the clus-
ter temperature. In order to demonstrate this temperature
dependence, we measured napp(q) for a given projectile
charge state (O5+: E = 100 keV, v ≈ 0.5 a.u.) colliding
with a neutral cluster beam thermalized at different initial
heat bath temperatures T , varying from 100 to 377 K. The
results for the four-times charged sodium clusters are pre-
sented in Table 1. The appearance size decreases when the
heat bath temperature T decreases, except at the highest

Fig. 1. Magnified part of a Naq+
n time-of-flight mass spec-

trum produced in collisions with Xe28+ ions (kinetic energy
E = 560 keV, velocity v ≈ 0.41 a.u.). The given numbers in-
dicate the charge state (q ≤ 10) of clusters contributing to the
different peaks.

Table 1. Appearance size napp for fourfold charged sodium
clusters Na4+

n as a function of the initial temperature T of the
neutral clusters Nan. The value of the appearance size at 0 K
is extrapolated.

O5+ + Nan → Na4+
n

T (K) 0 100 223 272 326 373
napp 80 82 ± 6 99 ± 5 104 ± 6 118 ± 2 117 ± 2

temperatures, where napp(q = 4) saturates at the value
close to the laser value nlaser

app (q = 4) = (123 ± 2) [6]. In
this case, the appearance size becomes independent of the
initial temperature as for larger systems the fission bar-
rier becomes higher than the activation energy for emis-
sion of a monomer, thus favoring evaporation process. By
extrapolation, we obtain the value of the appearance size
at 0 K: nT=0

app (q = 4) = 80, which corresponds to a fissil-
ity of X ≈ 0.5. Moreover, using the image charge model
to estimate the fission barrier height [1] and subtracting
the initial cluster temperature (100 K), we estimate the
energy transferred in the collision to be about 5 eV [11],
in good agreement with theory [4,13].

As the energy transferred during the ionizing collision
depends on the projectile charge z, we can also vary the
charged cluster temperature by changing z [4]. We per-
formed different experiments where we used several pro-
jectiles with charges 1 ≤ z ≤ 28 and kinetic energies of
E = 20z keV (0.3 ≤ v ≤ 0.5 a.u.) [11]. The results are
displayed in Figure 2. When z increases, the appearance
size napp(q ≤ 7) decreases, in particular for low projectile
charges and larger systems. This is due to the fact that
the electronic excitation energy decreases with increasing
projectile charge, as cluster multi-ionization occurs in col-
lisions with larger impact parameters. At high projectile
charges (z ≥ 11) napp(q) saturates because, in this case,
the transferred vibrational energy becomes smaller than
the initial internal energy corresponding to a temperature
of 100 K.
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Fig. 2. Appearance size napp of q-fold charged clusters Naq+
n

as a function of the projectile charge z. The data labeled “laser
data” correspond to photo-ionized clusters (from Ref. [6]). On
the right hand, the Rayleigh limit calculated with equation (1)
is represented.

Fig. 3. Appearance size napp of q-fold charged clusters Naq+
n

obtained with Xe28+ projectiles (E = 560 keV, v ≈ 0.41 a.u.)
in a double-log-plot of cluster charge q versus cluster size n.
The lines correspond to the Rayleigh limit (X = 1) and to the
photo-ionization experiments (X ≈ 0.3, see Ref. [6]).

In addition, the evolution of the measured appearance
sizes with the size of the cluster is plotted in Figure 4 for
Xe28+ projectile. The experimental values are well above
the laser data corresponding to X ≈ 0.3, but they are
below the Rayleigh limit (X = 1). However, they are
strongly approaching the Rayleigh limit (X = 1) for large
cluster charges and sizes. The maximum fissility reached
is X ≈ (0.85 ± 0.07) for q = 10 and n = 294. The fact
that this fissility is smaller than the value of 1 is due to
the initial cluster temperature of 100 K [11], the influence
of which becomes less important for larger systems.

4 Simulation

In order to better understand the complex time-of-flight
mass spectra measured in this ion-cluster experiment and
to predict its variation with different parameters like pri-
mary size distribution of the neutral clusters, the ioniza-
tion probability, the energy transfer in the collision or the

Fig. 4. Energy transferred in a collision with Xe28+ ions as a
function of the cluster charge state for different mean cluster
sizes. The vertical bars symbolize the Gaussian half-width of
the internal energy distributions. The full line represents theo-
retical results, predicted by the Vlasov model for a cluster size
of n = 196 [4].

different decay scenarii, we have developed a Monte-Carlo
code to simulate as well as the trajectories in the time-of-
flight spectrometer allowing for different decay processes.
More details can be found in the reference [12].

In brief, the simulation program determines in the
beginning by a random number generator the cluster
size n and charge q according to the size distribution
and the experimentally determined ionization probabil-
ities. Depending on the fissility of the resulting cluster
ion, three different possible decay processes are taken into
account: fission, evaporation or multi-fragmentation. The
corresponding decay rates are calculated with a statistical
model. In the second part, the time-of-flight is calculated
and the mass spectra are constructed.

The appearance size in a given charge state as well the
evolution of the intensity close to it, are rather sensitive
to the internal energy of the system. In order to describe
the increase of the intensity with the cluster size n af-
ter the threshold, contributions from different processes
have to be taken into account: either q-fold charged clus-
ters, which are formed directly in the collisions and which
are stable during the time-of-flight, or clusters in higher
charge states (q + 1 or q + 2) which decay by assymetric
fission into the final charge state q. By using the corre-
sponding relative ionization cross sections and by varying
the internal energy distributions (approximated by Gaus-
sian distribution), we can extract the transferred energy
after subtracting the initial internal energy [12]. The re-
sults, for q = 4 and q = 8 with sizes closes to the threshold
n ∼ 100 and n ∼ 240 [11], are presented in Figure 4 and
compared with theoretical predictions obtained by solv-
ing the Vlasov equation [4]. The extracted values show
a similar behavior as the theoretical predictions. In or-
der to create higher charge states, the collision occurs at
smaller impact parameters leading to a stronger electronic
excitation.

A magnified part of simulated time-of-flight spectrum
is shown in Figure 5. It is obtained by using the energy
distribution represented Figure 4. The comparison with
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Fig. 5. Comparison between a magnified part
(33.5 ≤ n/q ≤ 34) of the simulated (full line) and the
experimental (dots) time-of-flight spectrum. The given
numbers indicate the charge states of different cluster ions.

the experimental spectrum yields a satisfying agreement.
Some deviations in the peak heights might be explained
by the limited statistics of the experimental and simulated
spectra. However, a closer inspection demonstrates that
several parts of the experimental spectrum can not be re-
produced by the simulation. Those parts are due to evapo-
ration processes of clusters in low charge states. However,
the internal energy assumed in this simulation for the low
charge state ions is not sufficient to provoke such a high
evaporation rate [12].

An example is shown in Figure 6. Close to clusters
characterized by n/q = 24 two small contributions are ob-
served which correspond to Na3+

73 and Na2+
49 , which have

emitted during the first drift region of the time-of-flight
system a single monomer. This implies that the inter-
nal energies of these ions must be larger than 15 eV,
much larger than the values expected from the simula-
tion (≤ 5 eV). Due to the fact, that these contributions
are not showing up in the simulation, which only took into
account charge states up to 10, and by considering the re-
sult in Figure 4, we suggest that these clusters have been
formed initially in charge states higher than 10. We pro-
pose the following decay scenario: in a first step, highly
charged cluster ions are formed with a high fissility pa-
rameter (X > 1 and q > 10). In a second step, they decay
instantaneously by emitting p small sightly charged frag-
ments, forming “hot” residual cluster ions in low charge
state as:

Na10+
200 → Na(10−p)+

200−pm + p Na+
m. (4)

Finally, the hot residues are evaporating in the first time-
of-flight region. This hypothesis is supported by calcu-
lations of the Q-value of the process, defined as energy
difference between the initial and final state [1]. These
calculations clearly demonstrate that the potential energy
minimum favors the emission of 7 or 8 singly charged
dimers or trimers forming a residual ion in charge state 2
or 3 [12], which are observed in the experimental spectra.

5 Conclusion

We have measured the appearance size napp(q) of multi-
ply charged sodium clusters (Naq+

n ) formed in collisions

Fig. 6. Magnified part of a experimental time-of-flight spec-
trum in the range between n/q = 23.99 and n/q = 24.045. The
vertical bars indicate the positions of clusters Na3+

73 and Na2+
49 ,

which have emitted during the first drift region of the time-of-
flight system a single monomer.

of “cold” neutral clusters with low energy highly charges
ions (z ≤ 28). The measured appearance sizes are well
below those obtained by laser ionization but they are still
above the critical values as predicted by Lord Rayleigh.
This is due to the internal energy of the ionized clusters.
However, the temperature effect becomes less important
for larger systems, thus we approach the Rayleigh limit
with increasing size and charge of the cluster. The maxi-
mum fissility observed in the experiment is X = 0.85 for
the system Na10+

294 . The comparison of experimental with
simulated spectra allows to determine the internal energy
distribution of the ionized clusters. The obtained values in-
crease with the cluster charge state and show good agree-
ment with theoretical predictions. Furthermore, the anal-
ysis of the spectra suggest that for systems with X > 1
a decay mechanism exist, where most of the charges are
lost in the collective emission of many small singly charged
fragments creating a residual ions in low charge states
(q = 2 or 3).

References
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