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Abstract. The cluster source we use, a low pressure, rare
gas condensation cell, is capable of producing clusters
containing more than 45000 atoms or having masses ex-
ceeding 2 500000 amu. Details of this source and the
dependence of the cluster size distribution on adjustable
working parameters (oven temperature, inert gas pres-
sure, inert gas type) are discussed in this report. Measure-
ments of the mass-dependent velocity distributions of the
clusters emitted by the source are presented and com-
pared to a simple model calculation. The clusters are
mass-analyzed with a time-of-flight mass spectrometer
and detected by a multi-channel plate. The dependence of
the detectability of large clusters on the acceleration
voltage is investigated.

PACS: 36.40.+d; 07.75.+h; 07.77.+p

1. Introduction

One of the main peculiarities of clusters making their
study so rewarding is the fact that these small aggregates
of atoms no longer behave like a molecule nor do they
yet show the properties of bulk material.

The transition from the molecule to the cluster has
been and is being intensively studied [1]. There is, how-
ever, still a lack of understanding in the transition from
cluster to bulk. Take, for example, the geometric struc-
ture of sodium or calcium clusters: even when containing
thousands of atoms, they still have icosahedral or cuboc-
tahedral structure, both not consistent with the bce-
structure of the bulk material [2-5]. To gain more in-
sight into the transition to bulk, the study of larger clus-
ters, preferably in the gas phase, has to be continued.

Our cluster source, a low pressure, rare gas condensa-
tion cell, can produce a cluster beam containing very
large clusters, for example Na-clusters with more than
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45000 atoms (1000000 amu) and Cs-clusters with masses
of up to 2500000amu. Since there has recently been in-
terest by other researchers in the details of this source,
we would like to present some of the main features of
our cluster source in Sect. 2 of this contribution.

In order to study large clusters, it is not sufficient
to just produce them, they have to also be characterized
and detected, usually involving the recording of a mass
spectrum. To correctly design a mass spectrometer with
a reasonable resolution and a great mass range, the ve-
locity distribution of the clusters in the beam has to
be known. Therefore, a description of a cluster source
is incomplete without some knowledge of the cluster
beam produced. Section 3 will deal with the most impor-
tant property of the cluster beam, the velocity distribu-
tion. We will present the experimental data and qualita-
tively interpret them using a simple model. A method
of doubling the detectable mass range (by using doubly-
ionized clusters) will be discussed. We intend this article
to be mainly informative to the experimentalist and will
therefore limit ourselves to a mainly qualitative discus-
sion of the results.

After guiding large clusters through the spectrometer,
they must, of course, be converted into an electrical sig-
nal upon arrival at the detector. With increasing cluster
mass, this tends to become difficult. Because of the low
velocities these clusters posses even at kinetic energies
of several thousand eV, the probability of ejecting a sec-
ondary electron from the detector {(usually a multi-chan-
nel plate) on impact is low [6-9]. We will describe our
detector setup, the detectability of very large masses, and
its dependence on the post-acceleration voltage in
Sect. 4.

In our experiments we use photoionization time-of-
flight (TOF) mass spectrometry. Figure 1 shows a sche-
matic representation of the experimental setup consisting
of three basic components: the cluster condensation cell
on the left, a differential pumping stage in the center,
and the TOF-mass-spectrometer on the right. Inside the
condensation cell, vapor of the selected cluster material
is produced by an oven and cooled in an inert-gas atmo-
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Fig. 1. Experimental arrangement for cluster beam formation and
time-of-flight mass analysis. The inset shows a more detailed view
of the oven

sphere causing clusters to condense out of the then super-
saturated vapor. Together with the flow of inert gas,
the clusters thus formed are transported through a noz-
zle into the differential pumping stage. This unit, consist-
ing of three chambers separated by skimmers, removes
the excess inert gas, leaving a collimated cluster beam
passing through the acceleration region of the TOF-
mass-spectrometer. The clusters are ionized inside the
focus of the ion optics and accelerated at right angles
into the spectrometer.

The mass spectrometer has a resolution of over
20000. In order to achieve such a high resolution, the
axis of the spectrometer has to be oriented at right angles
to the neutral cluster beam. Forcing the ions to make
a 90° turn in order to enter the spectrometer becomes
increasingly difficult for large clusters having high kinetic
energies perpendicular to the spectrometer. The maxi-
mum kinetic energy that can be compensated for de-
pends on the design of the ion optics of the spectrometer.
The greatest mass detectable is thus a function of the
velocity of the clusters in the beam. Details of the spec-
trometer have already been published and will not be
repeated here [10-13].

2. The cluster source

In this section, we will focus on the cluster condensation
cell, briefly describing its construction (inset of Fig, 1)
and demonstrating the influence of different adjustable
working parameters on the mass distribution of the clus-
ters produced.

The oven consists of an Al,O;-tube with a Ta-wire
wrapped around for ohmic heating. This unit is placed

inside a second Al,O;-tube for thermal isolation. Several
layers of Ta-foil on the outside reduce heat losses due
to radiation and convection.

A crucible containing the material to be evaporated
is placed inside the oven cavity. The oven temperature
is measured by a thermocouple touching the bottom of
the crucible. By mounting the oven assembly onto a lin-
ear motion feedthrough, a continuous variation of the
oven-nozzle distance becomes possible. Oven tempera-
tures are typically chosen to result in a vapor pressure
of about 0.1 mbar. To produce clusters containing two
elements, for example Cg, covered with alkali metals,
two separate ovens, each containing one of the compo-
nent elements, can be placed inside the oven chamber.
Tilting slightly the adjacent openings of the ovens to-
wards each other, the vapor clouds will mix, producing
clusters whose stoichiometry can be adjusted by the rela-
tive temperatures of the ovens.

The inert gas flow into the chamber can be precisely
adjusted with a calibrated needle valve. The gas is cooled
by cooling the walls of the chamber (including the nozzle)
with liquid nitrogen. Typical gas pressures used range
from 1 to 3mbar. The gas flow through the chamber
is around 100 mbar I/min at 90 K, causing an average
flow velocity in the wide part of the chamber of approxi-
mately 10 m/min.

The nozzle usually used is a tube of 30 mm length
and 4.5 mm inside diameter. At the upstream end the
nozzle is conical with a sharp-rimmed opening of 3 mm
in diameter. This design was found to reduce the build-
up of condensed cluster material in the nozzle. Shorten-
ing the nozzie increases the gas flow only slightly, sug-
gesting that the main pressure gradient is located at the
nozzle openings. The total cluster signal, however,
strongly decreases due to a decline in beam collimation
in a short nozzle.

When attempting to optimize the cluster yield and
distribution with respect to very large clusters, there are
four parameters of our cluster source that can be varied:
inert gas pressure, oven temperature, inert gas type, and
oven-nozzle distance. In the following paragraphs we will
characterize the source by presenting the effects each
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Fig. 2. Mass spectra of Na-clusters produced at different He-pres-
sures in the oven chamber (oven temp.: 570 K). The cutoff on the
heavy mass side is caused by the ion optics (see text)



of these parameters has on the cluster distribution. The
measured spectra have been smoothed since we are inter-
ested in only the general shape of the spectra.

Figure 2 shows mass spectra of Na-clusters recorded
at different pressures of the inert gas He (oven tempera-
ture 570 K, acceleration voltage of the TOF-spectrome-
ter: 4,2 kV). With increasing He pressure the upper mass
iimit of the distribution rapidly decreases.

A first interpretation would be that due to changed
condensation parameters in the source, very large clus-
ters are no longer formed. This interpretation is, how-
ever, not correct. As previously pointed out in Sect. 1,
the ion optics guiding the ionized clusters into the spec-
trometer at right angles will have an upper limit in the
kinetic energy it can handle. When increasing the He
pressure in the source, the velocity of the clusters and
consequently their kinetic energy will increase, shifting
the corner-turning cutoff of the ion optics to lower
masses. The cutoff in the mass spectra is therefore not
related to the real mass distribution, but is an artifact
caused by the ion optics. The real distribution of Na-
clusters will extend to much greater masses as will be
shown in Sect. 3. Obviously, in order to observe very
large clusters, the gas pressure in the source has to be
kept low. However, which pressure is best to produce
very larger clusters cannot be deduced from the data
shown in Fig 2 (and of course, producing very large
clusters that you cannot see is rather useless). Note that
the acceleration voltage used in the above measurement
is the same as in all measurements presented in Sect. 3,
leading to comparable conditions for the position of the
corner-turning cutoff.

A more feasible method of adjusting the mass distri-
bution is varying the oven temperature. Figure 3 shows
Na mass spectra recorded at different oven temperatures
(He-pressue: 1! torr, acceleration voltage: 5kV). The
quantity of large clusters produced clearly rises with in-
creasing oven temperature due to the higher vapor pres-
sure and extension of the vapor cloud. On the heavy
mass side, the distribution is again limited by the corner-
turning cutoff. The difference in the cutoff position for
equal pressures in Figs. 2 and 3 is due to the different
acceleration voltages (see Sect. 3).
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Fig. 3. Mass spectra of Na-clusters produced at different oven tem-
peratures (He pressure: 1 torr)
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Fig. 4. Mass spectra of Cs-clusters produced at different oven tem-
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Fig. 5. Mass spectra of Cs-clusters produced at different mixtures
of helium and argon in the oven chamber. The spectra are labelled
with the ratios of helium to argon partial pressure (total pressure
1 torr. oven temp.: 420 K)

Figure 4 shows the effect of oven temperature on mass
spectra of Cs-clusters (He-pressure: 1 torr). The spectra
have been normalized to equal maximum heights in
order to make the mass shift more evident.

The limitations imposed on the cluster size by the
corner-turning cutoff (situated at 7-10° amu) are not so
severe in the case of Cs-clusters since these do not seem
to “like” forming very large clusters in the He atmo-
sphere. This can be greatly altered when using a mixture
of helium and argon to quench the vapor. In Fig. 5 mass
spectra of Cs-clusters at different He/Ar mixtures are
shown. The spectra are labelled with the ratios of He
to Ar partial pressure, the total pressure is always 1 torr.
The temperature was kept around 420 K.

It is interesting to note that, when increasing the Ar
partial pressure, the distribution not only shifts its weight
to higher masses (probably due to more efficient cooling
of the vapor by the heavier argon), but the corner-turn-
ing cutoff also moves to greater masses. This is due to
the fact that at equal pressure gradients, the Ar-flow
and thus the velocity and kinetic energy of the clusters
will be smaller than in the case of He. For pure argon
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in the chamber, the main portion of the cluster distribu-
tion produced probably lies outside the “mass window”
visible to the spectrometer, thus causing the decline in
signal. This effect is even more drastic in the case of
Na clusters. For the sake of brevity, we will refrain from
discussing the effect of other inert gas mixtures.

The last and least effective parameter in producing
large clusters is the oven nozzle distance: with increasing
the distance from 30 mm to 100 mm the distribution
shifts only slightly to higher masses. It seems that the
region of cluster formation is smaller than the minimum
distance of 30 mm obtainable in our source. More pro-
nounced is the effect of oven-nozzle distance on the total
signal: decreasing the distance below approx. 70 mm
causes a steep decline in signal. The optimum distance
has to be found individually for each cluster material.

3. Velocity distribution

After having presented some details of our cluster source,
we will now turn to discussing properties of the cluster
beam leaving the source, focussing mainly on the velocity
distribution of the clusters.

In order to perform velocity measurements, the clus-
ters were ionized with a pulsed excimer or dye laser
beam between the two skimmers of the differential
pumping stage. Several hundred ps later, the acceleration
field and quadrupol lenses of the TOF-spectrometer were
switched on. Only ions having reached the focus of the
ion optics at this time will be focussed onto the detector.
Scanning the delay between the laser pulse and the
switching of the electric fields through the appropriate
time range and recording mass spectra at specific delay
times, a set of spectra, each associated with a certain
velocity, is obtained. From this data, velocity distribu-
tions for a specific cluster mass can be extracted. This
procedure was performed for clusters of different alkali
metals at He pressures ranging from 0.8 torr to 2 torr
(below 0.8 torr the cluster intensity becomes too weak,
exceeding 2 torr is too much for the pumps). The distance
along the cluster beam between the point of ionization
and the focus of the ion optics is 200 mm. The width
of the laser spot and the focus are both less than 0.5 mm,
leading to an uncertainty in the velocity of below 0.5%.
The rise time of the acceleration field of approximately
50 ns is negligible as compared to the average delay time
of around 500 ps.

Figure 6 shows the measured velocity distributions
for different masses of Na-clusters. The height of the
curves represents the signal integrated over a mass inter-
val of 1000 amu symmetrical to the mass values denoted
on the axis. The relative heights of the maxima of each
curve correspond to the detected mass distribution. The
He pressure in the source was 0.8 torr, a laser pulse with
approx. 0.3 uJ/mm? at 193 nm was used for ionization.

There are two different qualities of the cluster beam
which can be deduced from the data presented in Fig, 6:
First, the velocities of the clusters which we will discuss
further along. Secondly, we can obtain more information
about the real mass distribution of clusters produced
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Fig, 6. Velocity distributions for different masses of Na-clusters at
a He-pressure of 0.8 torr in the source. A laser pulse with
0.3 pI/mm? at 193 nm was used for ionization. The high ‘ridge’
corresponds to singly-ionized clusters, the lower one to doubly-
ionized clusters

by the source. This aspect will be discussed in the follow-
ing paragraphs.

An interesting feature in Fig. 6 is the presence of a
second, rather small “ridge” at the left foot of the domi-
nant ridge. The small ridge can be varied in height by
changing the intensity of the ionizing laser pulse. This
ridge corresponds to the doubly-ionized clusters. Since
their actual mass is twice the value recorded by the spec-
trometer, their velocity distribution is centered at the
same value as that of the singly ionized clusters (repre-
sented by the large ridge) found at twice their recorded
mass. This can be easily verified from Fig. 6.

The maximum in height of both ridges is found to
be around 300000 amu (detected, not real mass). Ob-
viously, the mass distribution of the cluster beam implied
by the usually observed mass spectra of mostly singly
ionized clusters does not reflect the real mass distribution
in the neutral cluster beam that, as we find from the
doubly-ionized clusters, extends to much larger masses.
This becomes more apparent when increasing the inten-
sity of the ionizing laser pulse, as shown in Fig. 7 {1 torr
He, 16 pJ/mm?, 248 nm). The broadening of the peaks
is due to evaporation of the clusters caused by the high
photon flux and the subsequent heating. The ridge of
doubly-ionized clusters becomes very strong. Obviously,
the cluster beam produced by our source contains clus-
ters of masses up to 1000000 amu (45000 Na-atoms).
The point where the ridges disappear at high masses
correspond to preionization kinetic energies of ~330 eV
for the singly ionized, ~660 ¢V for the doubly-ionized
clusters at an acceleration voltage of 4.2 kV. Varying
the acceleration voltage and all potentials of the focuss-
ing optics by a fixed factor will vary the cutoff energy
by the same factor. Without switching the ion optics,
we can raise the acceleration voltage to 5 kV. The cutoff
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Fig. 7. Velocity distribution of Na-clusters at higher laser fluence
than in Fig. 6 (16 uJ/mm?, 248 nm; He-pressure: 1 torr). The ridge

of doubly-ionized clusters is clearly visible. Broadening of the peaks
is due to evaporation of the clusters

energy then becomes approx. 390 ¢V for singly ionized
clusters. Clearly, the high mass limit detectable with the
spectrometer is, in this case, not set by the cluster source
but by the energy cutoff of the ion optics (note that
the cutoff depends on the ratio of mass-to-charge as ex-
pected of electric fields). For low He pressures where
the cutoff shifts to higher masses, the detector will also
limit the mass range {see Sect. 4).

The clear separation in velocity or arrival time for
the singly and doubly-ionized clusters visible in Fig. 7
opens an interesting possibility to extend the mass range
of the experiment by a factor of two (if the spectrometer
does not have the resolution to identify every other dou-
bly-ionized cluster directly in the mass spectrum): ioniz-
ing with sufficiently high intensity some distance up-
stream of the focus of the ion optics and the switching
on of the fields with a fixed delay, the mass spectrum
will show two clearly separated ion distributions, one
corresponding to the singly-ionized, one to the doubly-
ionized clusters. If the positions of these two distribu-
tions at different delay times have been obtained from
an experiment as presented above, the signal due to the
singly-ionized clusters can be easily discriminated by the
data acquisition program. Continuously varying the de-
lay time while accumulating the mass spectra will lead
to a spectrum containing only doubly-ionized clusters
with twice the mass range possible by just taking the
singly-ionized clusters. Experiments can be performed
with this extended mass range, as long as they do not
cause an overlap of the two ‘ridges’. Of course, laser
wavelength and intensity have to be chosen carefully
to avoid triply-ionized clusters.

The mean velocities as a function of cluster mass for
different He pressures are shown in Fig. 8 for singly-
ionized Na clusters. The solid lines represent the mea-
sured data, the dashed lines are fits obtained from a
model described below. The dotted line corresponds to
the ion optics cutoff at a kinetic energy of 330eV. At
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Fig. 8. Mean velocities of singly-ionized Na-clusters at different He-
pressures in the source. The solid lines represent the measured data,
the dashed lines are calculated from the model described in the
text. The dotted line corresponds to a kinetic energy of 330 eV

every He pressure, the detected mass distributions cut
off almost exactly at this point, as expected. Below ap-
proximately 20000 amu (1000 Na atoms) the cluster in-
tensity produced by our source is too small to observe.
The decrease in velocity with increasing mass, commonly
termed “velocity slip” in the literature [14-16], can be
easily understood: the heavy metal clusters, having al-
most zero velocity and very small density inside the oven
chamber of the source, can be thought of as being swept
through the nozzle into the vacuum by the He flow.
Acceleration of the clusters is achieved by collisions with
the fast flowing He gas. Assuming rigid sphere collisions,
the cross section of a cluster increases with the square
while its weight increases with the cube of its radius.
Consequently, the smaller clusters will be accelerated
more quickly. After passing through an acceleration dis-
tance in the range of the nozzle length, the lighter clusters
will have gained a higher velocity. Extrapolating the
cluster mass to that of He should yield the average He
velocity. It is, however, not possible to reasonably per-
form such an extrapolation from the data in Fig. 8. Di-
rect measurement of the He velocity by placing a very
light ion in the He flow is, unfortunately, not possible
in our experiment, since such a particle would have a
kinetic energy of only a few meV and can thus be easily
prevented from entering the ion optics by stray charges
present on the insulators of the ion optics.

Measuring curves as shown in Fig. 8, the rescarcher
is, of course, challenged to go beyond a merely verbal
interpretation. So, in order to at least qualitatively de-
scribe the form of the curves shown in Fig. 5 and obtain
some notion of the He velocity, we propose the simple
model developed in the following paragraphs (more elab-
orate models describing the velocity slip have been pre-
sented in the literature [17, 18], but as we will see below,
our simple model is sufficient to interpret the data). We
should mention at this point that our cluster source was
designed to produce intense beams of large clusters and
not intended to be an easily studied modetl of gas flow
characteristics. Therefore, we cannot give an exact treat-
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ment but only lay a basis for qualitative understanding
of the beam properties.

Let us assume the clusters and the helium as being
rigid spheres, the helium flowing with a constant density
n and average velocity vy, through the nozzle. Having
the main pressure gradients at the ends of the nozzle
(see Sect. 2), this assumption might not be altogether
faulty. Averaging over the collision parameter, clastic
collisions between the He atoms and the clusters will
increase the cluster momentum in direction of the flow
by u-{vg.—v,), where u is the reduced mass of the col-
lision partners and v, the cluster velocity. Components
of momentum transfer to the clusters perpendicular to
the direction of flow are assumed to average out after
many collisions or otherwise cause the cluster to diverge
from the beam. The collision rate is n-o - (vg.~—v,), Where
o is the total collision cross section. The time derivative
of the cluster momentum (mass M) will then be given
by

Mﬁc(t)=[ll’l0(l)ue-—vc(t))2. (1)
The solution for v,(t) becomes

not 1\7!
o= () ®
He

satisfying the boundary conditions

v(0)=0,

Ve (t = 00) = vy A)

Replacing ¢ by n(3 M/4np)*® where p is the mass den-
sity of the cluster material and neglecting the He mass
my, in the denominator of u, we find an implicit equation
for v, as a function of the acceleration length x:

97 (mg, n-x)*[ 0, v, -3
2T e ~1 . @
M 16 p2 Uge—Uc " UHe—Uc+ ( )

For the acceleration length x we take the length of the
nozzle (8 mm downstream is the first skimmer where,
at the latest, the flow will be molecular and the collision
rate neglectable). Errors in x can be projected into n.
Since we have no possibility to determine the'average
He velocity vy, and density n from the experiment, we
will use them as adjustable parameters to fit our model
to the measured data using the implicit equation above.
These fits are represented by the dashed lines in Fig. 8.

Table 1. Velocity and density of the He flow through the nozzle
at different He pressures inside the cluster source. The values are
obtained by fitting our model (see text) to the experimental data
shown in Fig. 8

Source vy, Lm/s] n[102°m ™3]
0.8 torr 480 276
1.0 torr 527 369
1.3 torr 549 574
1.5 torr 581 702

2.0 torr 607 1312

Obviously, the model can be made to fit quite nicely
by adjusting vy, and n. These values are listed in Table 1.

At this point, we should look at the width of the
measured velocity distributions. Almost independent of
cluster mass and He pressure, we find the width
(FWHM) of the velocity distributions to be less than
5% of the mean velocity. This small width may seem
surprising at first, however, calculating the translational
temperature corresponding to the measured widths of
the heavy clusters, we find values of approx. 300 K. Con-
sidering the temperature of the helium of below 100 K,
we should rather look for a reason why the peaks are
so broad. A likely cause of this broadening is a radial
variance of the mean flow velocity of the He gas: the
Reynolds number of the He flow through the nozzle
has a value of less than 100 for all He pressures. The
flow can be expected to be laminar and thus have a
radially decreasing mean flow veloeity. Since the limiting
aperture of the beam collimating system has an effective
diameter of 1.5 mm (one-third of the nozzle diameter)
at the point of ionization, a finite portion of the radial
velocity profile will be transmitted. Consequently, the
measured velocity distribution will be broadened by a
superposition of distributions originating from different
parts of the cluster beam. The above argument can be
verified by decreasing the width of the ionizing laser spot
to 0.1 mm perpendicular to the cluster beam and scan-
ning it across the beam: the velocity distributions de-
crease slightly in width and the centers of the distribu-
tions vary by approx. 1%. A further decrease of the
relative width of the velocity distributions, for example
by decreasing the He temperature, raising the mean flow
velocity, etc., would lead to a very interesting applica-
tion: due to the mass-dependent velocity of the clusters,
a mass selection of neutral clusters, e.g. for deposition
as thin films, could be accomplished by using a mechani-
cal chopper to perform a velocity selection [17, 19]. With
the width of the distribution we presently observe, the
mass resolution is around 4. By decreasing the relative
width, a higher resolution should be possible.
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Fig. 9. Mean velocities of singly-ionized Na- and Cs-clusters at
equal He-pressure (1 torr). The solid lines represent the measured
data, the dashed lines are calculated from the model using a He-
velocity of 527 m/s and a He-density of 3.69.10*2 m~3 for both
curves



Measuring the velocities of clusters having a mass
density higher than that of Na, e.g., Cs, lower velocities
and greater cutoff masses are found at equal He pres-
sures. This fact can be easily understood from the simple
hard sphere collision picture: comparing a Cs and a Na
cluster of equal mass, the Cs cluster will have a smaller
collision cross section, thus experiencing less acceleration
by the He flow. Figure 9 compares the mass-dependent
velocities of Cs and Na clusters at a He pressure of 1 torr.
The dashed lines are obtained from (4) using values for
vy and n listed in the table above (1 torr) in both curves
and the bulk densities of Cs and Na. Obviously, the
dependence of the cluster velocities on the mass density
is correctly predicted by our model. For the sake of brev-
ity, we will refrain from presenting velocity measure-
ments using different nozzles and inert gases.

4. Detector

Last, but not least, a spectrometer requires a detector
to count the incident ions. In our experiment, the detec-
tor consists of two multi-channel plates (MCP) in series.
The incoming ions experience a maximum post-accelera-
tion voltage of 10.6 kV before reaching the MCP. Across
each MCP there is a potential of 1 kV. The electrons
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Fig. 10. Mass spectra of cesium and lithium clusters for various
acceleration voltages (8, 10, 12, 14, 16 kV). With maximum post-
acceleration cesium clusters can be detected up to 3 million amu
while for lithium the upper limit is 300000 amu
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which are emitted from the rear MCP are accelerated
by an additional 8 kV onto a collector plate, producing
a current pulse which is sent as one count to the data
acquisition electronics.

It has been reported that the yield of secondary elec-
trons emitted from a target by the impact of an ion
decreases with decreasing ion velocity down to a thresh-
old velocity below which the emission of secondary elec-
trons no longer takes place. In the literature this thresh-
old velocity is found to be around 2-10* m/s, depending
slightly on the ion material and the surface of the target
[6-9].

We could not confirm this in our experiments. Since
all cluster ions are accelerated to equal energies, large
clusters are much slower than small clusters when they
arrive at the detector. The threshold velocity of
2-10* m/s corresponds to an upper detectability limit
of about 8000 amu, which is much less than the several
million amu clusters we have observed.

Nevertheless, in our experiments the detected cluster
signal strongly depends on the cluster energy. This can
clearly be seen in Fig. 10 where mass distributions of
cesium and lithium clusters have been measured for var-
ious acceleration voltages. We changed only the post-
acceleration to be sure not to influence the transmission
of the ion optics, the focussing conditions, or the size
of the ionization volume. With maximum post-accelera-
tion voltage cesium clusters can be detected up to nearly
3 million amu while for lithium the upper limit is
300000 amu. For small cluster (up to 5000 atoms) the
signal seems to decrease linearily with the acceleration
voltage while for large clusters the detection probability
dramatically changes if the voltage is slightly varied. Ce-
sium clusters with a energy of 8 keV can hardly be de-
tected if their size is larger than 1500000 amu, for lithium
this threshold is 150000 amu.

To discuss the features of Fig. 10 in more detail, it
is useful to describe the detected cluster signal in terms
of a 4-factor formula:

I(”: []acca Upost) =D (n) 'ﬁon (n)
'ﬁoc(l]acw I’l) 'fclet(Uacc + Upost! n) (5)

n denotes the number of atoms, U, the acceleration
voltage and U, the post-acceleration voltage. The first
term in Eq. (5), D(n), describes the cluster distribution
produced by the oven. The last three factors are all prob-
abilities and smaller than 1. The second term, f,,,, gives
the ionization probability which, of course, is also depen-
dent on the intensity and wavelength of the ionization
laser. f;,. describes the transmission of all apparatus de-
pendent parameters as the ion optics or the reflectron.
The detection probability is given by f,.,. In Eq. (5) we
have assumed that the detection probability is a function
of the total energy and the number of atoms in the clus-
ters.

In Fig. 10 the detector signal is plotted for various
values of the parameter U,,. The ratio between these
curves should give a precise description of the detection
probability. For example:
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Fig. 11. The relative probability of detection for cesium clusters.
The signal has been normatlized to the signal of maximum accelera-
tions voltage (16 kV). The size range can be divided into three
section: A saturation regime (section I), a regime of constant rela-
tive detection probability (section II), and a regime of exponential
decay (section III). The interpolating lines in section III have a
slope of —8 eV/E,,

I(”? Uacc: 8kV) - fdet(16kvﬁ n) (6)
I(I’l, Uacca 4kV) B fdet(lzkv? n)

In Fig. 11 this relation is plotted logarithmically for ce-

. sium clusters. Three different size ranges can be distin-
guished. For small clusters the lines converge to one.
This is the saturation regime (Sect. I} where all clusters
are detected independent of their energy.

Between 1000 and 5000 cesium atoms {(Sect. 1I) the
ratio of the cluster signals is nearly independent of their
mass. It only depends on the voltage but not on the
cluster size. In that size range the detection probability
can be described by the product of a mass and a energy
dependent factor:

Jae(m, U)=f1(n) f2(U) (7)

A decrease of the total energy from 16 keV to & keV
reduces the signal by a factor of approximately 10.

For large clusters with more than 5000 atoms
(Sect. ITI) the situation is different. In that size range
the signal is more sensitive to the acceleration voltage.
On the logarithmic scale the signal decreases linearily
with increasing cluster size. The ansatz

oS B il exp~5) ®

is a good fit to the data. The function f;{(E) is an energy-
dependent constant. f, (n) is a factor which only depends
on the number of atoms and not on the energy of the
clusters. It cannot be evaluated with the method dis-
cussed here. E,,.., describes the total energy per sodium
atom (E,,,.,= U -e/n) and AE is a constant activation en-
ergy which is found to be 8 eV for all materials (Cs, Na,
and Li). Apparently, this activational energy is compara-
ble to the chemical binding energy or the work function
of metals. The third term in (8) is responsible for the
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Fig. 12. The relative probability of detection for sodium and lithium
clusters. Although the masses of sodium, lithium, and cesium atoms
differ by a factor of 20, the relative probability of detection is very
similar when plotted as a function of the number of atoms

exponential decay of the signal with cluster size. If, as
predicted by (8), the detected cluster signal is a function
of the kinetic energy per atom, on an atomic scale the
onset of the exponential decay should not depend on
the cluster material. This was observed for lithium and
sodium clusters. The relative logarithmic intensities of
lithium and sodium spectra are plotted in Fig. 12. The
x-axis is the number of atoms. Although the masses of
lithium, sodium, and cesium differ by a factor of about
20, the normalized spectra of Figs. 11 and 12 are very
similar. The detectability of large clusters obviously is
a function of the energy per atom and not only of the
total energy or velocity of the clusters. For all materials
the slope of the lines in section III can be approximated
by —8eV/E,, .- The onset of the exponential decay
starts for all materials in the range between 5000 and
8000 atoms. For this reason we are able to observe ce-
sium clusters with masses far above 2 million amu, lithi-
um clusters, however, only up to 300000 amu.

Since the signal for large clusters decays exponentially
with the energy per atom, the signal in that size range
is very sensitive to changes in the acceleration (or post-
acceleration) voltage. This is demonstrated very clearly
in the lithium spectra of Fig. 10. As predicted by (8)
the detectability threshold increases with the acceleration
voltage.



It should be mentioned here that the f., may include
an effect peculiar to our instrument. Before the clusters
arrive at the detector they are post-accelerated and have
to pass a fine grid. Large clusters might break apart
when they hit the grid. In that case, the charged frag-
ments are accelerated to the surface of the channel plate.
Since they are much smaller than the initial clusters,
they arrive at much higher velocitics at the detector
which increases their detection probability. However,
such a process should also spoil the resolution of the
mass spectrometer. At least in the size range where single
peaks in the spectrum can be distinguished (for cesium
clusters up to several 100000 amu) we have not observed
such an effect.

In conclusion, the described channel-plate detector
is able to detect very large clusters up to several million
mass units, much larger than predicted by theory. There
is evidence that the detectability of these ‘small particles’
depends on the energy per atom. Above ~ 6000 atoms
the cluster signal exponentially decays with the cluster
size. This behaviour was found for various alkali metals.
Clusters having an energy even less than 1eV/atom
could be detected.

5. Conclusions

In this contribution we have presented some details of
our cluster source and discussed the influences of several
variable parameters on the cluster distribution produced.

The highest yield of very large clusters was obtained
at high oven temperatures, with heavy inert gases used
for the quenching of the vapor. Inert gas pressure has
to be kept low in order to shift the corner-turning cutoff
to larger masses. The data presented here show that the
source can produce clusters with more than 45000 atoms
in the case of Na and 2500000 amu in the case of Cs.
We hope this information to be of service to other re-
search groups wishing to produce similar beams with
very large clusters. Measurements of the velocity distri-
butions of the clusters in the beam at different inert gas
pressures were discussed, demonstrating the presence of
a corner-turning cutoff at a kinetic energy characteristic
of the ion optics. The observed mass-dependent velocity
slip between clusters and inert gas atoms in the beam

93

was interpreted using a simple, rigid sphere-collision
model for the acceleration process of the clusters. The
relative widths of the velocity distribution were found
to be below 5% (FWHM).

Regarding the detector, we demonstrated that even
though the large clusters are significantly slower upon
arrival at the detector than the threshold velocity stated
in the literature, they nevertheless produce a detectable
signal. The influence of the post-acceleration voltage -
onto the greatest mass detectable was discussed.

We gratefully acknowledge the expert technical assistance of H.
Schaber and stimulating discussions with O.F. Hagena.
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