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Abstract. The recent addition of (i) a third sector field to our two sector field mass spectrometer (resulting
in a BE1E2 field configuration) and of (ii) a high performance electron gun enables us now to study
in detail the time dependence of the kinetic energy release distribution (KERD) over a relatively wide
range of cluster ion lifetimes. Using this newly constructed device we have studied here for the first
time KERDs and deduced binding energies BEs (using finite heat bath theory) of large rare gas cluster
ions (an upper size limit in earlier studies arose from the fact that different naturally occurring isotopes
will contribute to a chosen metastable peak when the size exceeds a certain value) and in addition of
fullerene ions smaller and larger than C+

60 (here again contaminating coincidences did not allow such
studies earlier). Moreover, high precision KERD measurements for the decay of rare gas dimer ions in
conjunction with model calculations (using recently calculated potential energy curves for the rare gas
dimer ions) also enable us to obtain information on the dynamics and the mechanisms of the underlying
spontaneous decay reactions Rg+∗

2 → Rg+ + Rg. In addition, we are also reporting here a novel method
(unified breakdown graph method) to determine cluster ion binding energies using a recently constructed
tandem mass spectrometer BESTOF allowing us to measure fragmentation patterns arising from the
unimolecular decay of molecular cluster ions induced by surface collisions. The fragmentation and reaction
patterns of protonated ethanol cluster ions investigated here clearly demonstrate in contrast to some of
the earlier cluster ion studies that unimolecular dissociation kinetics determines the formation of product
ions in the surface-induced decomposition.

PACS. 36.40.Qv Stability and fragmentation of clusters – 36.40.Wa Charged clusters

1 Introduction

Fragmentation of finite size systems is a widely spread
phenomenon in nature, including such diverse phenomena
as the break-up of sub-microscopic objects or collisions be-
tween asteroids [1,2]. The study of fragmentation of sys-
tems like nuclei, molecules and clusters has attracted much
interest recently and one intriguing result is the recogni-
tion that some of the general features of this phenomenon
(e.g. fragmentation patterns) are rather independent of
the actual system studied and its corresponding interac-
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tion forces [3]. It is well-known that highly excited finite
atomic systems will relax by either emitting electrons,
neutral particles (dissociation), or a continuous spectrum
of photons. These reactions are the molecular analogues
to thermionic electron emission, evaporation, and black
body radiation in solid state physics. Moreover, multiply
charged systems may decay via fission reactions ejecting
charged rather than neutral fragments analogous to nu-
clear fission [4]. It is thus not surprising that one impor-
tant field in cluster science (attracting recently growing
interest [3–5]) is the study of the fragmentation behaviour
of excited cluster ions, Xz+

n
∗

Xz1+
n

∗ →
∑

Xz2+
p , z2 ≤ z1 (1)
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produced by such means as photon, electron and ion im-
pact (including charge transfer reactions), collision in-
duced dissociation (CID) reactions or surface collisions.

Mass spectrometric studies of spontaneous
(metastable) decay reactions and of (prompt) disso-
ciative reactions of mass-selected cluster ions induced
by photons, electrons, heavy particles (CID) or surface
collisions have provided a wealth of information about
structure, stability and energetics of these species and
the dynamics of the corresponding decay reactions [5].
Surprisingly few studies, however, have been reported
concerning measurements of the kinetic energy release
distribution (KERD) for the decay of such excited
cluster ions. The most common mechanism that drives
the unimolecular, metastable decay of atomic cluster
ions is vibrational predissociation in which the excess
energy is statistically distributed over all energetically
accessible degrees of freedom. Metastable cluster ions
observed at time t after excitation will therefore contain
a maximum amount of excess energy E∗ that is given
by the condition that their decay rate constant k(E∗)
cannot exceed 1/t. The number of monomers that can
be evaporated sequentially [6] in a mass spectrometer
within a typical observational time window of duration
∆t ≤ t (e.g. 10 to 100 µs) rarely exceeds one, and never
two, because evaporation will reduce E∗ and lead to a
dramatic reduction in the rate constant for loss of the
next monomer unless the cluster contains hundreds of
atoms [7].

However, unimolecular dissociation may also be driven
by mechanisms that involve non-statistical, localized stor-
age of excess energy. For example, large amounts of en-
ergy can be stored in nitrogen cluster ions in form of
intramolecular vibrations [8]; other examples involve de-
layed isomerization reactions in molecular cluster ions [9],
or charge transfer between doubly charged atoms and neu-
tral molecules in a cluster [10]. Another mechanism in-
volves electronically excited states in rare gas cluster ions:
one characteristic feature of this exciton-driven decay is
the large amount of energy that is abruptly released within
the metastable time window [11].

2 Experimental

Using a high resolution two sector field mass spectrome-
ter of reversed geometry (BE) we have measured in the
past years metastable fractions and mass-analyzed ion ki-
netic energy (MIKE) peaks for metastable (spontaneous)
and electron-induced decay reactions involving monomer
evaporation and fission reactions of atomic and molecular
cluster and fullerene ions. Both, average kinetic energy re-
lease, 〈KER〉, data derived from the peak shapes and the
time dependence of the metastable fractions show a char-
acteristic dependence on cluster size yielding immediate
information on the metastable fragmentation mechanism
when going for instance from the oxygen dimer to the de-
camer ion [12]. Moreover, the 〈KER〉 data contain infor-
mation about the transition state temperature and thus

Fig. 1. Three sector field mass spectrometer.

one can use finite heat bath theory to calculate the bind-
ing energies of the decaying cluster ions allowing on the
one side for rare gas [13] and molecular [14] cluster ions
informative comparison with (i) previous results based on
gas phase ion equilibria measurements where available and
with (ii) the corresponding bulk value and on the other
side the final solution of the longstanding C60 binding en-
ergy (BE) problem (see a summary and references in [15]).

The recent addition of (i) a third sector field to this two
sector machine (resulting in a BE1E2 field configuration),
see Figure 1 and of (ii) a high performance electron gun
enables us now to also study in detail the time dependence
of the kinetic energy release distribution (KERD) over a
relatively wide range of ion lifetimes (see a first applica-
tion involving a combined experimental and theoretical
study of the time-resolved average kinetic energy release
〈KER〉 of the H · loss reaction in propane leading to the
sec-propyl cation, C3H8

+ → sec-C3H+
7 + H

·
[16]). More-

over, high precision KERD measurements for the decay
of rare gas dimer ions in conjunction with model calcu-
lations (using recently calculated potential energy curves
for the rare gas dimer ions of Ne, Ar, Kr and Xe) also en-
able us to obtain information on the dynamics and the
mechanisms of the underlying spontaneous decay reac-
tions Rg+

2 → Rg+ + Rg, i.e. leading to the conclusions
that these metastable dissociations are not due to the well-
known mechanisms for small molecular ions such as elec-
tronic predissociation and/or due to tunneling, but are of
the exotic type where dipole allowed spontaneous radia-
tive decay initiates the molecular dissociations.

Moreover, the use of a second electrostatic analyzer
E2 has additional advantages as described by Beynon and
coworkers [17]. First of all, in a “normal” MIKE spec-
trum recorded in ff2, the decay of fragment ions m2 pro-
duced in ff1 from precursor ions m1 with m1 > mp will
also contribute to the MIKE spectrum if their apparent
mass m∗ = m2

2/m1 is approximately equal to the decay-
ing parent ion mass mp; this problem is the more serious
the larger the cluster ions under study. In contrast MIKE
spectra recorded in ff3 are free of these artifact peaks be-
cause those fragment ions will not pass through E1 (see
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a first application determining the kinetic energy release
in Coulomb explosion of metastable C3H2+

5 decaying into
C2H+

2 + CH+
3 [18]). Another advantage is the possibility

to analyze decay reactions occurring in ff2 by simultane-
ously scanning E1 and E2. In this “linked scan” mode the
energy resolution is enhanced without losing much of the
sensitivity, i.e., closing the exit slit behind E1 as much as
possible while using an open collector slit behind E2. We
have tested our BE1E2 system by measuring metastable
H loss from C3H+·

8 with this linked scan technique, and
obtained a 〈KER〉 = 8.33 ± 0.67 meV. Our previous re-
sult for this reaction, using a normal MIKE scan [19], was
〈KER〉 = 9.3 ± 1.5 meV which agrees quite well within
the experimental uncertainty.

Using this newly constructed device we have studied
here for the first time KERDs and BEs of large rare gas
cluster ions (an upper size limit in earlier studies arose
from the fact that different naturally occurring isotopes
will contribute to a chosen metastable peak when n ex-
ceeds a value, e.g. for neon above n = 13) and in addition
of fullerene ions smaller and larger than C60.

In addition, we are also reporting here a novel method
to determine cluster ion binding energies using a recently
constructed tandem mass spectrometer BESTOF [20] al-
lowing us to measure fragmentation patterns arising from
the unimolecular decay of molecular cluster ions induced
by surface collisions. This BESTOF apparatus (see Fig. 2)
consists of a double focusing two-sector-field mass spec-
trometer in reversed geometry (BE) combined with a
surface (S) collision chamber and a linear time-of flight
(TOF) mass spectrometer. Neutral clusters are produced
by supersonic expansion through a 20 µm nozzle in a con-
tinuous cluster source. In the present experiments (see
also previous experiments on benzene clusters [21], ace-
tone clusters [22,23] and acetonitrile clusters [24]) neutral
ethanol cluster beams are prepared by supersonic expan-
sion of a helium/ethanol gas mixture at the pressure of
the seeding gas (He) of 1.5 bar and at a stagnation tem-
perature in the expansion vessel of about 300 K. After
passing through a skimmer, the neutral beam enters trans-
versely into a Nier-type electron impact ion source. Neu-
tral clusters are ionized in this ion source by the impact of
80 eV electrons. The ions produced are extracted from the
ion source region and accelerated to 3 keV for mass (and
energy) analysis by the double-focusing two-sector-field
mass spectrometer. The nominal mass resolution of this
mass spectrometer can be at 3 keV acceleration as high
as 10 000. However, in this work the slits were completely
opened and the resolution was about 150. After passing
the mass spectrometer exit slit, the ions are refocused by
an Einzel lens and decelerated to the required collision
energy before interacting with the target surface. Field
penetration effects are minimized by shielding the target
with conical shield plates. The incident impact angle of
the projectile ions is kept at 45◦ and the scattering angle
(defined as a deflection from the incident beam direction)
is fixed at 91◦. The collision energy of ions impacting on
the surface is defined by the potential difference between
the ion source and the surface. The potential difference

Fig. 2. BESTOF apparatus.

(hence, the collision energy) can be varied from about zero
to 2 keV with a typical resolution of about 200 meV (full
width at half maximum). The collision energy and a mea-
sure of the projectile beam energy spread is determined
by applying to the target a retarding potential and mea-
suring the (reflected) total ion signal as a function of the
target potential. A fraction of the product ions formed at
the surface leaves the shielded chamber through a 1 mm
diameter orifice. The ions are then subjected to a pulsed
extraction-and-acceleration field that initiates the time-
of-flight analysis of the ions. The second mass analyzer
is a linear time-of-flight mass selector with a flight tube
of about 80 cm length. The mass selected ions are de-
tected by a double-stage multi-channel-plate connected to
a fast scaler (time resolution of 5 ns per channel) and a
laboratory computer. The surface used here, similarly as
in our earlier experiments, consists of a polished stainless
steel surface maintained under ultra high vacuum condi-
tions (10−9 torr) in our bakeable turbo-pump evacuated
target collision chamber. However, even these conditions
do not exclude deposition of hydrocarbons on the surface,
whenever the valve between the mass spectrometer and
the target collision chamber was opened and the pressure
in the target region increased to about 5− 8× 10−9 torr.

3 Results

3.1 Binding energy of large rare gas cluster ions

As mentioned above, we were not able in earlier studies to
extend KERD and BE measurements for rare gas cluster
ions above a certain size due to interferences from iso-
topomers. The present three sector field set-up allows the
measurement of the corresponding KERDs without any
ambiguity and BEs derived using finite heat bath the-
ory are given in Figure 3 in comparison to other data. It
can be clearly seen that in contrast to our earlier mea-
surements [13] using the two sector field apparatus where
BE data did increase due to interference from isotopomers
above a certain size (these artifact data are not shown in
the figure), the present data (designated full squares) ap-
pear to extend smoothly the earlier data to higher n and
tend as expected to approach the bulk value.
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Fig. 3. Binding energies of Ne and Ar cluster ions calculated
from the average 〈KER〉 with finite heat bath theory and a
constant Gspann factor of γ = 23.5 (full dots: earlier measure-
ments with two sector field apparatus [13], full squares: present
measurements with three sector field apparatus). Open circles:
results from high-pressure gas phase experiments [25]. Full hor-
izontal line: enthalpy of vaporization of the bulk [26]. Dashed
line: Binding energy calculated theoretically for Ne+

n [27] and
Ar+n [28].

3.2 Binding energy of fullerene ions

As mentioned above the dissociation energy for C2 emis-
sion from the C+

60 cation has been recently ascertained to
be 10.0± 0.2 eV, the reason for the earlier scatter of data
being the fact that the transition state of the metastable
C+

60 ion has rather unusual properties leading to a Gspann
factor of 33.8 instead of the generally accepted value of 23
to 25 (for details on the definition of the Gspann factor see
Ref. [15]). One still unsolved question, however, remained,
namely whether C+

60 is sitting on the leading edge of a
magic shell (as originally proposed by Klots [29] and dis-
cussed by Lifshitz [30]) or whether the dissociation energy
as a function of n has a single very high value at n = 60
corresponding to a magic number model (supported by
relative BEs measured by Barran et al. [31] and recent
absolute measurements of Tomita et al. [32]). In order to
solve this open point we have measured here in an unam-
biguous way (see discussion above) KERDs of fullerene
ions below and above C+

60 and derived the corresponding
binding energies (for details of the method see papers men-
tioned above). The preliminary results given in Figure 4
confirm the occurrence of a magic shell around size 60
rather than the model of magic numbers, i.e., the binding
energy values are increasing without exception from 52 to
60, then at the beginning of the next shell there is a strong
drop from 60 to 62 and then starts again a continuous in-
crease of the BE. It is interesting to note that in principle
there is a good agreement between the three data sets, the
only important exception (besides the fact that the data
of Tomita et al. are lower for 62 to 68) is size 58 where

Fig. 4. Dissociation energy of fullerene cations C+
n as a func-

tion of cluster size n. Stars with standard deviation error bars:
present results, open squares: results of Tomita et al. [32], open
circles: results of Barran et al. [31]. In order to allow a better
comparison between the three data sets the two earlier data
sets have been normalized to the present C60

+ value.

both earlier data sets are lower and indicate a drop of the
binding energy when going from 56 to 58.

3.3 Binding energy of protonated ethanol cluster ions

Using our recently constructed tandem mass spectrome-
ter system BESTOF (consisting of a double focusing two-
sector-field mass spectrometer in reversed geometry (BE)
combined with a surface (S) collision chamber and a lin-
ear time-of flight (TOF) mass spectrometer) we have car-
ried out systematic investigations (using also deuterated
molecules) on the interaction of protonated ethanol clus-
ter ions (the major ions being produced in the primary
electron impact ionization spectra of neutral ethanol clus-
ters [33]) with a hydrocarbon covered stainless steel sur-
face. The results obtained here show for the first time
clear evidence that unimolecular dissociation kinetics de-
termines the production of the observed decay patterns in
collision energy resolved mass spectra (CERMS are spec-
tra where the relative abundances of all product ions are
plotted as a function of the collision energy). If CERMS
curves of the protonated ethanol trimer (C2H5OH)3H+,
dimer (C2H5OH)2H+, and monomer (C2H5OH)H+ ion, as
obtained from the series of secondary mass spectra mea-
sured at a series of collision energies, are plotted above
each other, one sees that shifting these three plots along
the energy axis against each other results in a situation
where certain characteristic features, i.e., crossings of the
major product ion abundances, occur at the same energy
axis position. For instance, in order to reach an overlap
for the crossing between the product ion (C2H5OH)H+

and C2H+
5 the CERMS plots of the protonated dimer

(C2H5OH)2H+ with respect to the protonated trimer
needs to be shifted by 16 eV, in order to reach an overlap
for the crossing between the product ion (C2H5OH)H+

and C2H+
3 the CERMS plots of the protonated monomer

with respect to the trimer curve needs to be shifted by
about 43 eV and with respect to the dimer by about 27 eV.
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The shifts of the collision energy scale for the three pro-
jectiles evidently indicate energy differences required to
achieve the same degree of fragmentation in the projectile
and thus they should be related to the binding energy of
the evaporating monomer molecule to the respective clus-
ter ion. Assuming the collisional-to-internal energy trans-
fer for this type of surface to be about 6% (see recent ex-
periments on energy transfer in surface collisions [34,35]),
we can derive from the shifts of the energy scale a value
of the dissociation energy of an ethanol molecule from the
protonated ethanol trimer D[(C2H5OH)2H+ − C2H5OH]
= 0.06 × (41−25) = 0.95 eV, and for the protonated
dimer D[(C2H5OH)H+ − C2H5OH] = 0.06 × (45−18) =
1.6 eV. It is interesting to note that these values are of
the same order of magnitude as calculated binding ener-
gies for the corresponding ions, i.e., of 0.92 eV for the
trimer and 1.38 eV for the dimer ion [36].

As mentioned above there is an obvious similarity in
the CERMS patterns if shifted in the way as described.
However, the patterns seem to be more and more com-
pressed when going from the protonated trimer to the pro-
tonated monomer. The compression of the CERMS curve
pattern when going from the protonated trimer projectile
to the protonated monomer is due to the fact that for
different projectiles the same energy is distributed over a
different number of internal degrees of freedom. A unifica-
tion of the picture can be achieved by normalizing the en-
ergy scale to the energy pertinent to a single degree of free-
dom. For a system behaving like a statistical ensemble, the
number of internal degrees of freedom is idf = (3N − 6),
where N is the number of atoms in the system. For the
protonated trimer (N3 = 28), dimer (N2 = 19) and
monomer (N1 = 10) these idf numbers are 78, 51, and 24,
respectively. The relation between the energy pertinent
to one internal degree of freedom and the collision en-
ergy is then 〈Eint〉idf = 0.06Ecoll/(3Ni − 6). The corre-
sponding unified CERMS curves are shown as a function
of this new energy scale in Figure 5. The mutual overlap
of data from surface collisions of three different projec-
tiles, the protonated trimer, dimer and monomer, is re-
markably good. We thus obtain a unimolecular decompo-
sition pattern of the protonated trimer over a wide range
of energies by a combination of data from experiments
on surface-induced dissociation of the three different pro-
jectiles. The internal energy of the trimer is then simply
〈Eint〉3 = (3N3 − 6)〈Eint〉idf = 78〈Eint〉idf (upper scale
in Fig. 5) and covers values up to about 9.8 eV. Recent
experiments clearly show that the energy transformed in
a surface collision to internal energy of a polyatomic pro-
jectile increases linearly with the collision energy and the
width of its distribution does not change much with the
collision energy. Thus in a surface collision a certain spe-
cific internal energy can be imparted to the projectile. It
appears that surface collision excitation may possibly be
used to obtain information on the break-down pattern of
an excited polyatomic ion in an analogous way as charge
transfer was used many years ago (see, e.g. Refs. [37,38]).
The necessary requirement, however, is that the width
of imparted energy distribution should not be too wide

Fig. 5. Unified break-down graph for the protonated ethanol
cluster ions (C2H5OH)nH+ up to n = 3. Dependencies of
the relative abundance of product ions on the internal en-
ergy per internal degree of freedom 〈E′

int〉idf as obtained
from corresponding CERMS of (C2H5OH)3H+ (full symbols),
(C2H5OH)2H+ (open symbols), and (C2H5OH)H+ (symbols
with cross inside) for the fragment ions H3O+ (squares), C2H+

3

(circles), C2H+
5 (triangles), (C2H5OH)H+ (inverted triangles),

(C2H5OH)2H+ (triangles pointing to the left). Upper scale
shows the internal energy of the trimer ion in eV.

in comparison with the changes of relative abundance of
fragment ions in the break-down pattern. A typical en-
ergy distribution imparted to a polyatomic projectile in
a surface collision, as derived from recent data for this
type of surface, has a full width half maximum of about
1.5 eV. The situation is not ideal, but the data suggest
that the recalculated CERMS curves in Figure 5 may be
regarded as a relevant break-down pattern of the proto-
nated ethanol trimer ion. It is interesting to note that the
present method to determine binding energies (for more
details see [39]) is reminiscent of the so-called model free
approach presented at the same ISSPIC conference as the
present contributions, see reference [40].
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