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Design and experimental testing of a gas cluster ion accelerator *
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Abstract: A gas cluster ion beam (GCIB) system with cluster energy up to 12 keV has been designed. To facilitate

pumping of the nozzle chamber and increased pressure of the gas source up to 10 atm, pulse mode was used for the

gas feeding. Argon was employed as the working gas. To separate monomers from clusters, both electromagnet and

retarding electrode were utilized. A maximal pulsed cluster current of 90 nA has been achieved. The shape of pulsed

ion beam currents has been analyzed in detail at different applied magnetic and retarding electric fields.
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1 Introduction

A cluster is a particle of sub-nanometer or nanome-
ter scale, which consists of several to several thousand
atoms. When accelerated clusters interact with a solid-
state surface, the large number of atoms in the cluster
results in some particular features, which are noticeably
different from those of atomic or molecular beams Among
these are very high energy density and temperature in
the impact zone, high mass-to-charge ratio, lateral sput-
tering effect, multiple scattering phenomena, and the
ability to transport more material using the same beam
current [1]. The lateral sputtering effect has been found
to be responsible for the surface smoothing of the target
by the cluster beam [2], as well as for unusual angu-
lar distribution of the sputtered particles [3]. The high
mass-to-charge ratio allows reduction of the Coulomb re-
pulsion of the particles in the beam during its transport
to a target.

Cluster beams, which can be produced from solid,
liquid or gaseous materials, are widely applied to mod-
ern physics experiments: shallow p-n junction formation,
low damage surface modification and etching [4], ultra-
smooth surface formation [5, 6], high sputtering yield
processes [3, 7], and high quality inorganic thin film for-
mation [8, 9].

Ion beam techniques and equipment have made great
progress during the last few decades, reaching cluster ion
beam current of 1 mA [10]. It was found that for prac-
tical applications cluster formation using supersonic ex-

pansion is the best way to obtain high intensity cluster
beams [11], and the efficiency of the cluster formation
strongly depends on the nozzle geometry [12]. The first
gas cluster ion beam (GCIB) equipment developed for
industrial applications was constructed by the Yamada
group in the early 1990s [13]. In 1997, Epion Corpo-
ration developed the first commercially available GCIB
equipment for surface cleaning and smoothing, ultra-
shallow implantation, film formation, sputtering, etc.
[14, 15].

The number of atoms in the nozzlegenerated clusters
depends on the source pressure and is in a wide range
from several hundred to several thousand [1]. To obtain
the mass distribution of the cluster beam retarding elec-
tric field and time-of-flight (TOF) techniques are mostly
used. In the first method, the difference of the kinetic
energy of the clusters is used. The kinetic energy can
be considered as proportional to the size of the cluster,
hence different retarding fields are required to stop clus-
ters of a certain masses [12]. The TOF technique is a
direct way to measure the velocity of the clusters, and
therefore their mass. If it is only necessary to remove
monomers and light clusters a simple permanent magnet
can be used [16].

In this study we describe the design of a gas clus-
ter ion accelerator with a gas source working in pulse
mode, which facilitates effective pumping of the vacuum
system. Such a pulse mode reveals observation of heavy
clusters using an electromagnet or retarding electrode to
separate (deflect) monomers.
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2 Experimental setup

In Fig. 1, a schematic diagram of the gas cluster ion
accelerator is shown. It consists of three chambers: noz-
zle, ionizer, and processing chambers, separated by two
diaphragms. All three chambers are pumped by a turbo-
molecular pump: a 2000 L/s pump for the nozzle cham-
ber and 700 L/s pumps for the other chambers. The
high-pressure gas pipe is connected with a 0.2 mm noz-
zle via a pulse valve, which is used for pulsed gas feeding
[17]. The valve operates at 1–5 Hz with the on-off ratio
5%–50%. Such a mode facilitates the vacuum conditions
in all chambers of the accelerator and allows the use of
higher pressure in the gas source. The chamber pres-
sures are 1.5 Pa in the nozzle chamber and 10−3 Pa in
the processing chamber at full gas supply. As working
gases Ar, CO2, and N2 are used with the source pressure
in the range of 1–10 atm. Here, we discuss only results
obtained for Ar gas, as it is the most commonly used for
surface cleaning, smoothing, and etching.

retarding electrode diaphragms Micro screws 

bellowspulse valve
lonizer

acceleratorfaraday cup electromagnet

target

gas pipe

nozzle

TMP

skimmer

TMPTMP

R
L

R
d
R

d

U
acc U

a U
f 

A
A

Osc.

Fig. 1. Schematic and circuit diagram of the gas
cluster ion accelerator.

The ionizer is used to ionize the obtained clusters,
followed by acceleration and detection. It consists of a
cylindrical gauze anode, two tungsten wire cathodes, and
a cylindrical shield. The anode of the ionizer is connected
with the high-voltage power supply and mounted on the
diaphragm through a boron nitride insulating disk. The
acceleration voltage Uacc applied to anode is in the range
of 2–12 kV. The electron emission current generated by
the ionizer is 40 mA at the filament current of 1.4 A and
anode voltage of 200 V. The accelerator is made of an ex-
tractor and a ground electrode. A potential of −Uacc/20
relative to the anode is applied to the extractor. The
accelerator forms a beam of 2 mm in diameter.

To separate heavy clusters from monomers and light
clusters, two techniques have been used: an electromag-
net with magnetic field up to 100 mT, and a retarding
electrode. In a magnetic field, the Lorentz force affecting
the ions is described by the formula:

F =q(u×B), (1)

where

u=

√

2qUacc

m
(2)

is the velocity of ions with charge q and mass m accel-
erated by voltage Uacc and deflected by a magnetic field
with induction B. The heavier the clusters, the smaller
the deflecting Lorentz force, so only heavy clusters can
be passed to the Faraday cup.

The retarding electrode is mounted after the ground
electrode of the accelerator, supplied by positive voltage
Uret, which is close to Uacc, and provides deceleration of
the beam particles.

3 Results and discussion

Cluster formation mostly takes place in the volume
near the Mach disk where the temperature of the gas is
the lowest, which promotes the condensation process of
the gas during the adiabatic process [18]. To position the
nozzle relative to the skimmer in the plane perpendicular
to the gas flow, two microscrews are used. To find the
optimum position we used dependence of the gas pres-
sure on the nozzle transverse displacement relative to the
skimmer, as shown in Fig. 2.
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Fig. 2. (color online) Gas pressure in the process-
ing chamber as a function of nozzle position rela-
tive to the skimmer.

The two observed maxima are from the intersection
of the jet shock waves by the skimmer, so the minimum
represents the central axis of the gas jet, where the clus-
ter formation takes place. At higher source pressure, the
observed dependence is more prominent.

The optimal longitudinal position of the nozzle rela-
tive to the skimmer has been found by a method of visu-
alization of the nozzle jet in glow discharge described in
[19, 20]. We removed the ionizer and both diaphragms
and applied a voltage of +700 V to the extractor. The
jet from the nozzle at a gas pressure in the chamber of
2 Pa and discharge current of 2 mA is shown in Fig. 3.
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Similar to previous studies, the Mach disk is observed
near the tip of the converging conical shock wave.

Fig. 3. Jet visualization in glow discharge.
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Fig. 4. (color online) (a) Pulses of the ion current
passed through various magnetic field strengths
and (b) Pulses of the ion current passed through
magnetic field at different source pressures nor-
malized to the pulses without magnetic field. Ar-
rows represent the shift of the maxima. The real
ion current passed through magnetic field at dif-
ferent source pressures is shown in the inset.

Figure 4(a) shows pulses of the ion current mea-
sured by the Faraday cup after passing the electromag-
net. Without magnetic field, when the valve is open,
the ion current quickly increases up to 20 µA. Then,
when the valve is closed, the current relatively slowly
decreases; such a decrease represents a gas release from
the finite volume before the nozzle orifice (buffer vol-
ume). When the field is applied, a decrease of the pulse
amplitude is observed, which proves the deflection of the
monomers and light clusters by the Lorentz force. At
higher magnetic field B heavier clusters can be deflected
by the Lorentz force, see formulas (1, 2), which results
in decrease of the cluster ion current detected by the
Faraday cup.

In Fig. 4(b), current pulses without and with mag-
netic field at different source pressures are shown. The
intensity of the pulses with magnetic field were normal-
ized to the intensity of the pulses without the field corre-
sponding to the same source pressure, to facilitate their
comparison. A maximal cluster current of about 90 nA
is observed at the source pressure of 7 atm, see inset.
A shift of the maximum of the peaks to the left (earlier
moments) takes place when the magnetic field is applied
and the shift is larger for lower source pressure. Such
a change can prove the presence of the clusters in the
beam pulse, since the cluster formation takes place at
high source pressure when the valve is open. Moreover,
the lengthy right shoulders of each peak with magnetic
field suggest that the cluster formation keeps going af-
ter the valve is already closed, since the gas pressure in
the buffer volume of the nozzle is still high enough to
produce clusters. In addition, the shift of the maxima is
more evident for lower source pressure; it can also testify
to the presence of the cluster formation, since on the one
hand lighter clusters are formed at lower pressures, but
on the other hand decrease of the pressure in the buffer
volume of the nozzle takes place earlier at lower pressure.

Similar behavior is observed when the retarding field
technique is used, as shown in Fig. 5. In this case,
an appropriate retarding electric field decelerates the
monomers and repels them back, but decelerated clusters
still can pass through the field. It should be noted that
the kinetic energy of the monomers and clusters includes
both thermal and accelerating contributions. The latter
is equal for monomers and clusters, since the particles
pass through the same potential. The thermal contribu-
tion for clusters depends, however, to first approxima-
tion, linearly on the number of monomers and exceeds
the thermal kinetic energy of monomers by a few tens of
eV for clusters with 1000 atoms (∼40 meV per monomer
at room temperature). 1000 atoms per cluster is a typi-
cal number at which the distinctive features of the clus-
ter – surface interaction appear. In our experiment, we
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estimate cluster sizes of more than 100 atoms per cluster
using known trajectories of the clusters of each mass and
the geometry of the magnetic field and the Faraday cup
with the diaphragm.
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Fig. 5. (color online) Pulses of the ion current
passed through electrodes (Uret 6= 0) and pulses
without retarding at different source pressure.

4 Conclusion

A gas cluster ion accelerator with cluster ion energy
up to 12 keV has been constructed. As working gases,
Ar, N2, and CO2 are employed. However, the experimen-
tal results in this work were presented for Ar gas only
since it is the most commonly used for surface clean-
ing, smoothing, and etching procedures. A gas supply
in pulse mode has been designed. Such a mode allows
increasing the source pressure up to 10 atm as well as
improving vacuum conditions in comparison with con-
tinuous mode. Visualization of the nozzle jet in glow
discharge and dependence of the pressure in the process-
ing chamber on the transverse displacement of the nozzle
relative to the skimmer are used to optimize the nozzle
position. Gas pulses formed by s pulse valve are mea-
sured by a Faraday cup. The pulsed cluster current is
about 90 nA. Distinctive changes of the pulse shape have
been observed when separation of the monomers from
clusters by electromagnet or retarding electrode takes
place; such changes are interpreted as evidence of cluster
formation.
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