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Abstract. A method based upon the tandem use of the
Time-Of-Flight and Surface-Induced-Dissociation tech-
niques is proposed for estimating the average cluster size
in a neutral molecular beam. It consists of sending the
beam through a buffer gas and measuring the variations
of the average beam velocity as a function of the buffer
gas pressure. The clusters are detected at the mass of the
monomer by surface induced dissociation in the ioniza-
tion source. This method has been applied to an argon
cluster beam and the results are in good agreement with
determinations using high energy electron diffraction.
This technique appears to be a simple alternative for es-
timating mean cluster sizes in the range of 100 to a few
1000 monomers.

PACS: 36.40. +d

1. Introduction

There is a great deal of interest in the reactions of atoms
or molecules with neutral clusters as these reactions can
be a model of a transition from the gas phase to the
condensed phase. In our group, we have already obtained
results for the chemiluminescent reactions of barium with
oxydizers by comparing the reactions with monomers to
the reactions with large van der Waals clusters of N,O,
CO,, or H,0 (n>50) [1,2]. In order to obtain more de-
tailed information about these reactions, it is essential to
be able to characterize the size of the neutral clusters
present in the beam.

Because of the weak bonding of these van der Waals
clusters, their characterization is not easy. Two methods
have essentially been used: time-of-flight mass spectrom-
etry (TOF /MS) and electron diffraction. These methods
together with their drawbacks have been recently re-
viewed by Kappes and Leutwyler [3]. Concerning the
TOF/MS technique, there are advantages like sensitivity
or mass resolution. However, the distributions obtained

by this method can be severely distorted with respect to
the distribution of neutral clusters in the beam because
of the extensive fragmentation of the clusters upon ion-
ization. This effect does not exist in the high-energy elec-
tron beam diffraction technique and the main interest of
this technique is its direct applicability to a neutral cluster
beam. However, the interpretation of diffraction patterns
in order to obtain information about the size of the clus-
ters is not simple.

The purpose of the present article is to present a simple
alternative method to characterize a neutral cluster beam.
This method does not allow to obtain the full mass dis-
tribution of the beam but it provides an estimate of the
average size of a neutral cluster beam which in itself al-
ready is important. The idea of this method is to pass the
cluster beam through a chamber containing a buffer gas
and to measure the variations of the average velocity of
the beam remaining behind this chamber as a function
of the buffer gas pressure. With a simple model of the
collision of an atom with a van der Waals cluster, it is
shown in the present work that this variation is linked to
the average cluster size and allows an estimate of this
size. In the following, we first will present results of a
simulation of collisions of rare gas atoms with argon
clusters to set up the basis of the collision model. Then,
the experiment will be described. Finally the results ob-
tained with Ar cluster beams will be given and discussed
in terms of average cluster size.

2. Collision dynamics of an atom with a large cluster

Because a van der Waals cluster is made of many mon-
omers bound by weak forces, the dynamics of a collision
of an atom with such a cluster are very different from
those of a collision with an atom having the same mass
and size as the cluster. To obtain an impression of such
a collision, a molecular dynamic calculation has been
performed.

Molecular dynamic calculations have been extensively
used to find structures of van der Waals clusters [4, 5, 6].
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Fig. 1. Plots of trajectories of incident atoms colliding with an Ar,,s
cluster. The results are given for several impact parameters and
with three different atomic projectiles He, Ar, and Xe. In the upper
plot, the cluster has been drawn as a sphere. It has the same size
in the other two plots but, for clarity, it is not shown. The simulation
was performed for a cluster temperature of 30K and a constant
relative collision energy of 0.2 e¢V. For He and for an impact pa-
rameter small enough to collide with the cluster, the atom is scat-
tered away with about 30% of collision energy transferred to the
cluster, while for Ar or Xe, the atom is captured by the cluster with
all the collision energy transferred into internal energy

Recently, they were applied to the interpretation of the
solvation behavior of an impurity inside a cluster [7].
Our calculation considers the collision of a rare gas atom
(He, Ar, or Xe) with an argon cluster (n=125). This
calculation uses the Verlet’s finite step integration algo-
rithm to solve the classical equations of motion of the
atoms [8]. The interaction between the atoms was ap-
proximated by pairwise Lennard-Jones 6-12 potentials
[9]. The program was used in two steps. In the first, a
125 atoms argon cluster was generated at a chosen tem-
perature by a classical relaxation method [4]. Once the
cluster was formed, the same program was used to follow
a collision of this cluster with an atom whose initial ve-
locity and impact parameter can be varied. The details
of the calculation will be given in a forthcoming paper
[10].

We have chosen typical experimental conditions in the
calculation, that is, 30 K internal cluster temperature [11]
and a relative velocity Ar—(Ar),,s of 1 km/s. In order to
compare the various atoms (He, Ar, Xe) as projectiles,

the same initial relative energy of 0.2 eV has been used.
The results of the calculation for a few trajectories are
displayed in Fig. 1. As can be seen in this figure, the
behavior of He is completely different from that of the
two heavier atoms, Ar and Xe. The He atom is scattered
even at small impact parameters and the relative kinetic
energy decreases by about 30%. On the other hand, ex-
cept for the largest impact parameters, the heavier atoms
stick to the cluster with all the relative collision energy
transferred into internal cluster vibration.

The analysis of the results shows that, for helium, the
combination of the small mass of He compared to Ar
and of the weak Ar-He bonding does not allow good
energy transfer to the cluster and the remaining kinetic
energy of the atom is sufficient to overcome the He-clus-
ter well. On the other hand, for Ar and Xe, there is good
energy exchange and, because of the stronger interaction
with the cluster, the incident atom remains trapped in the
well. Because of the relatively low temperature of the
cluster, all the collision energy is efficiently spread over
the internal degrees of freedom of the cluster and no
significant evaporation of the cluster is observed in the
time window of the simulation (1 ps). A more complete
study of the effect of the various parameters is under
progress [10].

3. Principle of the experiment

The experiment consists of sending a cluster beam into a
chamber containing a buffer gas. From the simulation,
we have shown that the collision of an argon cluster with
an argon atom results in a trapping of the atom in the
cluster. The conservation of the momentum is then ex-
pressed as:

MV +mv=(M+m)V’ 0

where M, m are the masses of the cluster and atom pro-
jectile, V, v their initial velocities, respectively, and V’ is
the final velocity of the cluster after having trapped the
atom.

In a real experiment, the measurement is made on a
very large number of clusters. This means that the ap-
parent velocity after one collision is the average of (1)
over a large number of events. Because the velocities of
the atoms in the gas are not directed, v is averaged to 0
and, thus, the final velocity of the cluster reduces to:

M
Vi=—V 2
M+m )

On the average, at each collision the cluster is slowed
down by an amount that scales as m/M.

A cluster of size n crossing the collision chamber will
have on the average a number x of collisions with the
buffer gas. This number is simply given by:

L
A’n
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where L is the length of the chamber and A, the mean
free path of the cluster at the pressure of the chamber
which is expressed as:
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where k, is the collision rate, N,, the density of argon in
the collision chamber, g, the cross section for a collision
between the cluster and an argon atom in the chamber,
and (V> their average relative velocity. The ratio
{V,.»/Vis generally written as F_,(c0,a/V) [12] where
o is the mean velocity of the argon gas at room temper-
ature.

These x collisions will all contribute to slowing down
the cluster and (2) is immediately generalized to several
collisions.' The final velocity V,at the exit of the chamber
is given by:
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The relative change A4 V/V in velocity of the cluster is:
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where m, is the mass of one atom of the cluster (in the
case of an argon cluster and an argon buffer gas, m/m,
is 1).

As the simulation has shown that, for small enough
impact parameters, every collision of an argon atom with
an argon cluster leads to a capture of the atom, we have
chosen a hard sphere type cross section &,

g, =1 (R,+Ry)’ )

where R, is the radius of the cluster and R, is an addi-
tional term taking into account the range of interaction
between the cluster and an atom of the buffer gas. The
radius of the clusters has been calculated assuming a
spherical cluster and by using the lattice parameters de-
termined by Farges et al. [11] for Ar clusters (a=5.34 A).?

3
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where £ is equal to 3a’/16 7. The value of R, has been
estimated by looking at the maximum impact parameter
leading to the capture of an argon atom by the 125 atom

' If the number of collisions becomes large the temperature of the
cluster increases and some monomers can be evaporated. Because
this evaporation will be isotropic in the cluster frame, this will have
no effect on the average cluster velocity
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argon cluster of the simulation. It leads to a value of
about 3 A and we will see later that the results are not
too sensitive to this choice.

Finally, AV/V is given by:

av m
7=7TLNAr ;0 Fao(m,a/V)

y (1/@; Ry)? ©)

The function A4 ¥/ Vin (6) is a linear function of the buffer
gas pressure whose the slope is a slowly decreasing func-
tion of the cluster size .

4. Experiment

The experimental arrangement has already been de-
scribed [13]. Briefly, we used the supersonic molecular
beam of a crossed-beam machine to generate the clusters.
The expansion is of the Campargue type [14], that is, an
expansion through a 0.2 mm nozzle into a relatively high
pressure chamber and a skimmer, which is at an opti-
mized distance from the nozzle, extracts the central part
of the beam with a minimum of perturbation of the Mach
bottle. After a differentially pumped chamber, the beam
passes through the main chamber (50 cm long) where it
is collided with an argon buffer gas at a pressure that can
be varied between 10~ ° and 10~ 3 mbar. Behind the col-
lision chamber, there is a time of flight system consisting
of a chopper followed at 1.5m by a quadrupole mass
spectrometer. Collimators have been used so that only
the central part of the cluster beam reaches the mass
spectrometer, meaning that the clusters which can be de-
tected have been deflected by less than 1073 rd.

In order to efficiently detect the clusters and since we
do not want to analyze their mass distribution, we have
chosen to dissociate them in the ionization source of the
quadrupole mass spectrometer. The cluster beam is sent
into this source where a large fraction of the clusters is
dissociated by collisions against the walls. Consequently,
a cluster of size # will give n monomers significantly in-
creasing the sensitivity. Moreover, all the clusters are de-
tected at a single m/e (that of the monomer) whatever
the initial size was before the surface induced dissociation
(SID). The ionization source has an open geometry so
that the thermalized gas does not stay in the source for
more than 10 ps. This ensures that the time response of
the system is sufficient to perform accurate time of flight
measurements.

A typical time of flight spectrum together with its
change with the pressure in the collision chamber is dis-
played in Fig. 2. This is the time of flight of an argon
cluster beam recorded with the mass spectrometer tuned
at m/e=40 (i.e. the mass of the argon atom). The argon

? 1t is known that the structure of the argon clusters is depending
upon their size [11], however the density deduced from the fcc
structure of large clusters is also a good estimate for clusters of
smaller size
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Fig. 2. Time of flight spectra of an argon beam measured at the
mass of the argon atom after destruction of the clusters by collision
in the ionization source of the quadrupole mass spectrometer. The
various curves correspond to different argon buffer gas pressures
in the collision chamber and the baseline of each TOF has been
linearly displaced in function of the buffer pressure. The pressure
in the stagnation chamber (4.4 bar s) corresponds to a case where
the monomers and clusters give comparable signals in the mass
spectrometer. Two components are observed: a fast one which is
rapidly attenuated and not displaced on increasing the buffer gas
pressure, and a fast one less attenuated but displaced on increasing
the pressure

backing pressure for generating the cluster beam is in-
termediate so that the number of monomers is compa-
rable to the number of atoms under the form of clusters.
The structure of the time of flight in Fig. 2 appears bi-
modal with a different pressure dependence for each com-
ponent. This bimodal structure has already been reported
and interpreted by a velocity shift of the clusters with
respect to the monomer, the fast component being due
to monomers while the slow component results from frag-
mentation (SID) of clusters in the ion source before ion-
ization [1, 15].

The pressure dependence of the time of flight spectra
is consistent with the respective assignment of fast and
slow components to monomers and clusters. First the fast
component is rapidly attenuated and not shifted by in-
creasing the buffer argon pressure. This is what we expect
for an argon atomic beam: a single collision with an atom
of the buffer gas is sufficient to scatter away the argon
atom from the beam and a fast attenuation is expected.
On the other hand, a cluster can suffer several collisions
before being scattered away and the slowing down is due
to the average contribution of these collisions.

In the following, we will only consider the slow com-
ponent of the time of flight, that is the cluster TOF. The
origin of the velocity shift between monomers and clus-
ters even when the buffer gas pressure in the collision
chamber is negligible is not totally understood. A likely
explanation can found when considering collisions in the
region between the nozzle and the skimmer: if the skim-
mer introduces a perturbation of the expansion in the
Mach bottle, particles reflected back from the skimmer
may collide with the clusters and slow them down.

5. Results and discussion

The experiments were carried out for argon clusters with
an argon buffer gas. We chose the argon clusters because
measurements of average sizes for these clusters have been
done using high energy electron diffraction [16]. The re-
sults of the slowing down of clusters as a function of the
argon buffer pressure are plotted in Fig. 3. In this figure,
several pressures of argon in the stagnation chamber,
corresponding to different clusters average sizes, have
been used. What is plotted in Fig. 3 is the relative change
in velocity AV/V of the cluster component of the time
of flight after having crossed the buffer gas chamber. Two
remarks can be made. First, the slowing down is a linear
function of the buffer gas pressure, as expected. Second,
when the backing pressure is increased, that is when the
average cluster size is increased, the slowing down is de-
creased, again as expected.

We have calculated the mean cluster sizes that can be
obtained from the experimental pressure dependences in
Fig. 3 using (6). The results are displayed in Fig. 4 where
the mean sizes of argon clusters are plotted as a function
of the stagnation pressure. The sizes which are found,
range between 100 and a few 1000.

The cluster sizes determined by high energy electron
diffraction by Farges et al. [16] are also plotted in Fig. 4
for comparison. The agreement between the two sets of
data is strikingly good.

For large cluster sizes, 4V/ V varies as n~ '/ (see (6)).
This means that the uncertainty in the determination of
AV/V will be amplified in the estimation of the size. In
the present experiment, it is estimated to be less than 50%.
The experimental errors can be due to the measurement
of the pressure of buffer gas or of the time of flight. These
two causes are minimized here by the use of a viscosity
presure gauge for measuring the argon pressure and by
a relatively long time of flight (1.5 m) allowing accurate
measurements.

Some uncertainty originates from the value of the cross
section which was used. The simulation has allowed us
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Fig. 3. Plot of the relative changes in velocity of the argon clusters
in the beam as a function of the argon buffer gas pressure for several
stagnation pressures generating the cluster beams. The lines are
linear regressions through the experimental points
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Fig. 4. Plots of the average sizes of argon clusters calculated using
Eq. 6 as a function of the stagnation pressure generating the cluster
beams. The squares are our results and the diamonds the values of
Farges et al. [16] from high energy electron diffraction measure-
ments

to estimate the value of the R, parameter in (5). This is
only an estimation but we have checked that changing
this value from 3 to 2.5 or 3.5 A changes the resulting
sizes by about 10 to 20% only.

Finally, the quality of the comparison of the presently
determined sizes with the determinations of high energy
electron diffraction indicates that in this range of cluster
size the proposed method is a good alternative. This
method can easily be extended to cluster beams of other
atoms or molecules. This was not done here because no
other determination of cluster size made under compa-
rable expansion conditions were available for compari-
son.

6. Conclusion

The collisions of argon atoms with argon, clusters lead
to the capture of the atom in the cluster with all the energy
spread into internal energy of the cluster. This effect re-
sults in a slowing down of a cluster beam crossing a
chamber containing a buffer gas. As the slowing down
depends upon the cluster size, measuring the evolution
of a cluster beam time of flight as a function of the buffer
gas pressure allows to estimate the average size of the
cluster beam. We have applied this technique to Ar cluster
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beams in collisions with an argon buffer gas. The clusters
are detected at the mass of the monomer by surface in-
duced dissociation in the ionization source of a quad-
rupole mass spectrometer. We have shown that with a
simple model of the collision, the sizes obtained are in
very good agreement with the sizes determined from high
electron energy diffraction measurements. This method
offers a simple alternative for estimating cluster sizes in
a neutral beam of medium to large clusters (=100 to a
few 1000).

The authors are grateful to Dr. G. Torchet and the cluster studies
group of the laboratoire de physique des solides at Orsay for fruitful
discussions.
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