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Strong fragmentation of large rare gas clusters
by high energy electron impact
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Abstract

The interaction of large argon, krypton, and xenon clusters in the size range from〈n〉 = 170 to 10,280 with electrons is
investigated in a reflectron time-of-flight mass spectrometer. The clusters are generated in adiabatic expansions through coni-
cal nozzles and are nearly fragmentation-free detected by single photon ionization after they have been doped by one sodium
atom. In contrast, using electron impact ionization, the clusters are nearly completely fragmented when varying the electron
energy between 50 and 1500 eV. The operating mechanism is that which is also responsible for the electronic sputtering of
solid matter. The yields, however, are orders of magnitude larger for clusters than for the solid. This result is a consequence
of the finite dimensions of the clusters which cannot accommodate the energy. (Int J Mass Spectrom 220 (2002) 183–192)
© 2002 Elsevier Science B.V. All rights reserved.

Keywords:Rare gas cluster; Fragmentation; Electron impact; Sputtering

1. Introduction

The fragmentation of clusters after the interaction
with electrons or high power photons is a well-studied
subject [1,2]. Specifically, the ionization process of
weakly bound systems has been investigated in great
detail. For electrons with energies much above the
threshold (70 eV), a small part of the excess energy
is distributed over the cluster and leads to the evap-
oration of mainly monomers. But even close to the
threshold appreciable fragmentation occurs, since
the ions formed by charge localization have a much
larger bonding energy of about 1 eV and are shifted to
smaller equilibrium values compared to their neutral
precursors so that this vibrational energy is available
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[3]. For small Arn clusters[4] and a series of molecules
[5], the amount of fragmentation has been measured
using size selected neutral clusters by atomic beam
deflection. For argon trimers and tetramers, the ex-
perimental results are in nice agreement with recent
semi-quantal dynamical calculation where all nine
potential surfaces involved were coupled[6]. For
clustersn ≥ 20 we used statistical models to predict
the fragmentation. They proved to be valid in the
interpretation of the decay of prepared ionic clusters
[7] and when combined with a realistic determination
of the amount of energy left in the cluster[8] should
give reasonable results. These simulations predict that
the effect of fragmentation is largest for small clusters
and becomes less and less important for larger clusters
[8,9].

Recently, we have carried out measurements, how-
ever, in which even large clusters up to〈n〉 = 10,000
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were nearly completely destroyed by the interaction
with electrons of energies up to 1.5 keV. We will re-
port in this contribution the results for the rare gas
clusters Arn, Krn, and Xen. Similar results have been
obtained for (H2O)n and (NH3)n clusters[10] and
also in the interaction with photons[11]. We note
that we are not in a regime in which Coulomb explo-
sion of the clusters occurs[12,13]. We also do not
measure the fragment size distribution on an event
to event basis using multi-coincidence techniques
[14,15]. We are more interested in the gross features
of the fragmentation process in a special collision en-
ergy regime. As we will demonstrate the conditions
of our experiments resemble much more those of an-
other well established field, the electronic sputtering
of solid material[16,17]. Here, the photon, electron
or fast ion impinging on the solid deposits its energy
in electronic excitations of the atoms or molecules of
the solid material. When this energy is rapidly dis-
persed in these insulators, it may be coupled to the
atomic motions and then transported to the surface.
Finally, the atoms or molecules escape depending
on the binding energy. The measured and calculated
yields per incident particle are in the range of 2–20
[18,19]. The values which have been obtained in the
present experiments for clusters are orders of magni-
tude larger, although the mechanism of the excitation
is apparently very similar. We note that we only con-
sider here the interaction of one electron with the
cluster.

Fig. 1. Side view of the molecular beam apparatus.

The paper is organized as follows. First, we will
describe the experimental apparatus, the reflectron
time-of-flight mass spectrometer with the pulsed
cluster source and the pulsed electron beam for ion-
ization. For measuring the nearly fragmentation-free
reference size distribution of the clusters, they are
doped with one sodium atom and then photoion-
ized. Then the results are presented in the next sec-
tion and interpreted in the discussion section which
follows.

2. Experimental

2.1. Vacuum system

The experiments were carried out in a multi purpose
molecular beam apparatus which consists of a source
chamber, a buffer chamber, and a detector unit. In the
present experiment, the cluster beam is generated by
adiabatic expansion and detected in a reflectron (RE)
time-of-flight (TOF)-mass spectrometer. A vertical
cross section of the machine is shown inFig. 1. The
source chamber (1) has a diameter of 500 mm which
allows us to install various cluster beam sources. In
order to have better access to the sources the front
part was kept at a diameter of 200 mm. This chamber
is pumped by a diffusion pump (6000 L/s) and a com-
bination of a rootblower (500 m3/h) and a mechanical
pump (65 m3/h). The purpose of the buffer chamber,
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that is pumped by a turbo-molecular pump (500 L/s)
and a forepump, is to reduce the background pressure
in the ion source of the RETOF mass spectrometer. We
have chosen the linear arrangement of cluster source
and reflectron in order to increase the sensitivity at the
expense of mass resolution and pressure problems.
The reflectron is pumped by two turbo-molecular
pumps (500 and 60 L/s) and a forepump. The pres-
sures obtained in the three chambers under operating
conditions are 5×10−3, 5×10−5, and 5×10−6 mbar,
respectively.

2.2. Cluster sources

The machine is equipped with a piezo-driven
pulsed molecular beam source which follows a de-
sign proposed in the literature[20]. With short rise
times (50�s) and opening times between 100 and
400�s this source provides a stable performance with
constant intensity. For details we refer to[21].

In order to produce large clusters a nozzle of coni-
cal shape is used with a diameter of 350 or 600�m, an
opening angle of 2α = 36◦, and a length of 7.0 mm.
The pressure varied between 0.3 and 10 bar at temper-
atures of 285–310 K.

For a reliable and simple detection, the clusters
are doped by one sodium atom. The experimental ar-
rangement is shown inFig. 2. The temperature of the
heated sodium beam source is set in such a way that,
according to the vapor pressure, mainly one atom is
captured by the cluster. Since this process follows
a Poisson distribution, the required conditions can

Fig. 2. Schematic view of the pick-up arrangement.

easily be met. Under our experimental conditions the
amount of dimers never exceeded 5%.

2.3. Reflectron

The heart of the machine is the reflectron. It follows
the standard design criteria of modern instruments for
normal applications[22,23]: a pulsed laser for ioniza-
tion, a reflector without grids[24] and a long retarding
field [25], and a long drift space[26]. The reflector
avoids transmission losses at the meshes and intro-
duces some geometrical focusing.

The design of the ion source allows us to simulta-
neously use laser photons and electrons for ionization.
For the generation of the electrons a pair of copper
electrodes is placed perpendicular to the cluster beam.
The electron pulses are produced by the impact of
the laser photon pulse on the lower copper electrode
and the electrons are accelerated towards the upper
electrode. This is an improved version of a previously
published arrangement[27] where a Ta wire is hold
in place directly in the beam. By applying suitable
pulsed voltages at the two copper electrodes, based
on simulations with the SIMION program, we obtain
a reliable electron source with variable energy in the
range from 50 to 1500 eV, a pulse width of 12 ns and
currents between 10 and 300 mA. Further details of
this design can be obtained from[21]. The mass res-
olution of the reflectron TOF was at bestm/�m =
1600 at a mass of 200 U based on the drift length
of 1820 mm. This result was obtained under optimal
conditions which were not always reached in the ex-
perimental results that will follow in this contribution.

The ions are extracted in the direction of the
beam and detected by a microsphere plate. The pho-
ton pulses are generated by an ArF-excimer laser
(Lambda Physik LPX100) at 193 nm (6.42 eV) with
a pulse width of 20 ns and a pulse energy reduced
to 15 mJ. We note that the same laser is used for the
photoionization of the cluster and the generation of
the electrons.

The mass spectra are detected using a digital storage
oscilloscope in a special particle counting mode. The
spectra were corrected for the size dependence of the
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detection probability and the transformation from time
to mass coordinates.

3. Results

A typical mass spectrum that is obtained when Xen

clusters doped with Na atoms are photoionized is pre-
sented inFig. 3. Here, a conical nozzle with a diameter
of 350�m, an opening angle of 2α = 36◦, and a length
of 7.0 mm is used at a temperature ofT = 308 K. De-
pending on the pressure, the size distributions exhibit
a well developed maximum which is shifted to larger

Fig. 3. Measured mass spectra of Na doped Xen clusters at the
source pressures indicated detected by photoionization. The sizes
are determined from the fitted log-normal distributions specified
by the solid lines.

values with increasing source pressure. It is very well
represented by a log-normal distribution

f (n) = 1√
2πσn

exp

[
− ( ln n − µ)2

2σ 2

]
(1)

with the two parametersµ, the logarithm of the ge-
ometric mean, andσ , the logarithm of the geometric
standard deviation. It is well known that large clus-
ters follow such a log-normal distribution, if their pro-
duction is caused by coagulation of larger entities and
not by monomer addition. The solid lines are fits of
Eq. (1)to the experimental data and the resulting aver-
age cluster sizes〈n〉 are also indicated inFig. 3. This
method provides a simple and reliable means to ionize
rare gas clusters with an as small as possible amount
of fragmentation. Xenon does not absorb at all in this
energy range and the power of the laser was varied
in order to exclude multiphoton absorptions. There is
still the possibility that a few atoms evaporate during
the ionization process. A rough estimate of this num-
ber that does not take into account any change of the
potential energy surfaces gives the result as follows.
With a photon energy of 6.14 eV and an ionization po-
tential of Na of 5.13 1.29 eV are left to be distributed
in the cluster. With a bonding energy of 143 meV of
a xenon atom the maximal number of evaporating Xe
atoms is 9. A similar value for Ar would be 16. These
values do not really influence the interpretation of the
results in the size range studied here.

Similar results as those obtained for Xen clusters
have been observed for Krn and Arn clusters. An ex-
ample for Krn is shown inFig. 4. Again we find a
large variation of the sizes as function of the source
pressure. As expected from the smaller binding en-
ergy, the average cluster size decreases in comparison
with Xen using the same source conditions.

Now we have repeated the experiments for Krn

clusters replacing the photons by 750 eV electrons.
The results are shown inFig. 5. The shape of the
curves looks very similar and can also be fitted by
log-normal distribution. The average cluster sizes,
however, are very much smaller. In the case of the
source pressurep = 10 bar it drops from〈n〉 = 7027
to 〈n〉 = 1269. Obviously, there is an appreciable
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Fig. 4. Measured mass spectra of Na doped Krn clusters at the
source pressures indicated and detected by photoionization. The
sizes are determined from the fitted log-normal distributions spec-
ified by the solid lines.

amount of fragmentation that occurs in the interaction
with electrons. We also note that the statement that
the existence of a log-normal distribution is an indi-
cation of a fragmentationless behavior, is definitely
wrong, since both distributions, with and without
fragmentation obey the same distribution function.

In the case of electron impact ionization, we have to
account for another effect that influences the measured
size distributions, the appearance of multiply charged
products. These were observed in many experiments
[28–30]and the critical appearance sizes for the dou-
bly charged rare gas clusters are 91 for Arn, 69 for

Fig. 5. Measured mass spectra of Krn clusters at the source pres-
sures indicated and detected by electron impact at 750 eV. The
sizes are determined from the fitted log-normal distributions spec-
ified by the solid lines.

Krn, and 49 for Xen clusters[31,32]. Thus, mainly
the doubly charged products might be able to influ-
ence the size distributions, since the amount of the
higher charged fragments is usually too small[29]. In
fact, we observed explicitly the appearance of doubly
charged ions in another experiment for water clusters
[10] with a threshold value of 37, in close agreement
with earlier experiments[30]. Because of the lower
mass to charge ratio of the doubly charged products,
the size distribution is shifted to smaller values. To
correct for this effect, we applied the following proce-
dure. We assume that also the doubly charged clusters
follow a log-normal distribution and, instead of fit-
ting one we fitted two log-normal distributions to the
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experimental data, one of which has the half average
value of the other. If we applied this procedure to the
rare gas clusters, we found an amount of at most 5%
doubly charged clusters. The average values of singly
ionized sizes were determined to be at most 2% larger
than those that were fitted by one distribution only. In
the case of Krn in the upper part ofFig. 5 the average
size changed from〈n〉 = 1269 to〈n〉 = 1278. Thus,
we neglected this correction, but we have to keep in
mind this result in the following discussion.

In order to quantify this strong fragmentation, we
have measured mass spectra for Arn, Krn, and Xen
clusters under exactly the same source conditions both
for 6.42 eV photons and electrons with the energies

Fig. 6. Measured mass spectra of the rare gas clusters Xen (top),
Krn (middle), and Arn (bottom), obtained under the same source
conditions, but detected by photoionization and by electron impact
at the energies 800, 750, and 400 eV, respectively. The sizes are
determined from the fitted log-normal distributions specified by
the solid lines.

Fig. 7. Number of evaporated atoms as function of the initial
cluster size for Ar (�), Kr (�), and Xe (
).

400, 750, and 800 eV, respectively. For these energies
the amount of fragmentation is largest. The result is
shown inFig. 6. We define the number of evaporated
atoms by

�n = 〈n〉0 − 〈n〉e (2)

where 〈n〉0 = 〈n〉λ is the average cluster size mea-
sured for photons and〈n〉e that measured for elec-
trons. The numbers�n vary from 1497 to 4369 and
indicate a massive loss of particles. The dependence
of the number of evaporated atoms�n from the orig-
inal size〈n〉0 is plotted inFig. 7. Surprisingly, a linear
behavior results, that is the fragmentation increases
with increasing cluster size. We note that the slope is
the same for the three rare gases.

This behavior is in complete contrast of what has
been discussed in the introduction about the interaction
of a low energy electron with small clusters. By this
mechanism the fragmentation should decrease with
increasing cluster size, since the increasing amount
of available degrees of freedom can easier accommo-
date the energy deposited in the cluster caused by the
molecular rearrangement upon ionization.

4. Discussion

Apparently, the linear dependence of the number
of evaporated atoms from the cluster size suggests
that the electron interacts in a multiple way with the
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cluster. The energy release per each event might be
constant and independent from the size so that the
increase simply results from the increase of events. In
order to get more insight into this hypothesis, the en-
ergy dependence of the fragmentation was measured.
The result is shown inFig. 8 for three characteristic
sizes of Arn, Krn, and Xen. The curves exhibit the
same characteristic behavior. They sharply rise to a
maximum and then level off with increasing electron
energy. The maximum occurs at 400 eV for argon,
at 750 eV for krypton, and 710 eV for xenon. This
behavior is very well known to occur for the stopping
power that charged particles experience when they
penetrate into a solid. We have calculated the stop-
ping cross sectionS = (dE/ds)/ρ, the energy loss
per unit path length and density (atoms per volume),
for electrons interacting with the three rare gases.

Fig. 8. Measured energy dependence of the number of evaporated
atoms after electron impact of Arn (top), Krn (middle), and Xen
(bottom) clusters. The maxima occur at 400, 750, and 710 eV,
respectively.

Table 1
Sputtering yields (Y ) for rare gas clusters after electron impact

Rare gas 〈n〉 Energy (eV) Y

Ar 3014 400 2280
Kr 4525 700 3638
Kr 7027 700 5827
Xe 7163 700 6251
Xe 10280 700 8560

This is not a standard procedure, since the Bethe
formula of the text books is only valid in the large en-
ergy regime. On the other hand, direct data in the low
energy regime for electrons impinging on the heavy
rare gases are quite rare[33]. Thus, we follow the pro-
cedure to convert the well measured data for the pro-
ton stopping power[34] to the electron stopping power
by looking for data taken at the same velocity[35].
In the article of Greene and Peterson[35] this proce-
dures has been carried out for a series of datasets and
we use in what follows their explicit parametrization
for the rare gases given inTable 1andFig. 6 of [35].

The result for the three rare gases is shown in
Fig. 9. The agreement with the measured energy de-
pendence is amazing. The positions of the maxima
are a little bit shifted to smaller values but the general
shape is quite well reproduced. This agreement sug-
gests that probably the same mechanisms operate in
clusters in the studied energy regime as are observed

Fig. 9. Calculated stopping cross sections for the solid rare gases
Ar, Kr, Xe using [34].
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in the sputtering of solids under the attack of charged
particles.

Sputtering of solids is a very well studied and
mature field and we will briefly review here some
of the main results[16,17]. The sputtering of these
weakly bound insulator material is dominated by
electronic interactions and consists of three separate
processes. First, the incoming particle interacts with
the target and produces electronic excitations and
ionizations along the track. Second, these excitations
or electron-hole pairs deposit energy into the solid
as a result of non-radiative relaxations or repulsive
decays which appear as kinetic energy of the atoms.
This energy has to be transported back by collisions
to the surface where, finally, the particles evaporate.
In the regime of low excitation density, the yield, the
number of ejected particles per incoming electron or
charged particle, is written asY = �z/λe in which
λe is the mean spacing between excitations and�z

is the mean depth from which an excitation can lead
to ejection weighted over possible ejection processes.
The single charged particle produces a track of excita-
tions and ionizations along its path through the solid.
Here, we haveλ−1

e = (dE/ds)/W , where (dE/ds)

is the electronic stopping power andW the averaged
energy deposited in the solid which is effective for
the sputtering. The�z is determined by the kinetic
energy release to the target�E, the cohesive energy
of the solidU and a characteristic distancel between
the atoms giving�z = cl �E/U . The constantc is
0.1–0.2 as shown in molecular dynamics simulations
[36]. The distancel is either the spacing between two
atomic layers or is obtained from the reciprocal of
the density and the collision cross section. Thus, the
yield is given by

Y = c
l

U
�E

(
dE

ds

)
1

W
. (3)

In many cases the yield for the solid material is in-
deed found to be proportional to the stopping power.
In some cases which are dominated by diffusion pro-
cesses the maximum in the yield is at energies for
which the primary electrons have a range compara-
ble to the diffusion length which is in the order of

20–30 nm[19]. In all cases the measured and calcu-
lated yields are in agreement and are found in the or-
der of 2–4 for the solid rare gases.

The results for the clusters clearly demonstrate that
in case of electron bombardment the yield is always
directly correlated with the stopping power(dE/ds).
Figs. 8 and 9demonstrate convincingly the similarity
of the results. Here, the calculated stopping cross sec-
tions S = (dE/ds)/ρ with the densityρ are plotted
and compared with the measurement of the number
of evaporated atoms�n that is in the language of the
sputtering community equal to the yieldY , the num-
ber of ejected particles per incoming projectile. Thus,
we conclude that the mechanisms which lead to the
fragmentation of the clusters are very similar as in
electronic sputtering of the corresponding solids.

It comes as a surprise when one considers the yield.
In case of the solids, the yield in the linear regime
is always, calculated and measured, between 1 and 5
whatever conditions are chosen. Here, we find for the
clusters at least two orders of magnitude larger values.
Characteristic results for the yield are given inTable 1
together with the relevant data of the cluster and the
electron beam. Simple geometric considerations of the
larger surface area of clusters cannot explain these
large differences. We think that the reason for this dis-
crepancies is the finite dimension of the latter ones.
The diameter of the clusters listed inTable 1reaches
from 3.0 to 5.2 nm. That means that the second part of
the sputtering model in solids, the transport of the en-
ergy to the surface, does not play any role in clusters.
This is nicely demonstrated if we calculate the distri-
bution of heat in such a material. During the penetra-
tion of the electrons through the matter the primary
electronic excitation and ionization processes lead by
electron–phonon interaction to the vibrational excita-
tions of the target atoms. The spread of the energy can
be described by the heat equation of a temperature field
T (t, r) which is a function of the timet and the spatial
coordinater. The solution of the linear heat equation
for a point source with the released energyH is [37]

T (r, t) = H

ρcp(4πDt)3/2
exp

(
− r2

4Dt

)
(4)
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Fig. 10. Calculated temperature spatial distribution for the indicated
times after the excitation of solid Ar with 400 eV.

with the densityρ, the specific heat at constant pres-
surecp, and the heat diffusivityD which is related
to the thermal conductivityλ by D = λ/ρcp. It is
interesting to note that the same equation is also used
for describing the heat distribution in laser ablation
[38]. We calculated the spread of the energy distribu-
tion for different times according toEq. (4) for solid
argon using the published material parameters[39].
The result is presented inFig. 10. Already after 10 ps
the energy spreads over about 15 nm and the heat dis-
appears. This is, of course, completely irrelevant for
a solid of normal dimensions. Our investigated clus-
ters, however, are still smaller. Obviously the cluster
cannot accommodate the excitation energy and nearly
evaporates completely. That is exactly what we ob-
serve. Here the cluster behaves differently in a size
range in which other physical and chemical properties
adopt already the behavior of the solid.

We conclude that the interaction of large rare gas
clusters with electrons in the energy range between
100 and 1500 eV is dominated by processes which
are well known from the sputtering of the correspond-
ing solids. The charged particle produces electronic

excitations and electron-hole pairs along the track
which deposit energy into the vibrational motion of
the cluster atoms. Therefore the energy dependence
follows the stopping cross section and the yield of
evaporated atoms increases with increasing cluster
size. In contrast to the behavior of the solids, the
heat spreads fast over the complete cluster which
cannot anymore accommodate the energy and nearly
completely evaporates.
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