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Generation of carbon, silicon, and silver clusters by a laser-vaporization supersonic
expansion cluster beam source was studied using a reflectron-type time-of-flight (TOF) mass
spectrometer. The atomic cluster was generated by the laser vaporization of a solid sample
disk, followed by cooling with supersonic expansion of pulsed helium gas. The neutral
cluster, carried by helium gas, was ionized by a fourth harmonic Nd:YAG laser and
accelerated by high voltage to the reflectron mass spectrometer. Positive-ion TOF mass
spectra of carbon, silicon, and silv er clusters were compared for sev eral cluster source nozzle
conditions. Helium gas pressure at the time of vaporization of solid material played the key
role in cluster size range obtained. The effect of pressure was thoroughly examined for a
relatively large carbon cluster, which was regarded as fullerene.

Atomic and molecular clusters are being recognized as playing an important
role in the thin-film deposition process and phase-change phenomena. Further-
more, small clusters are the most adequate system for the verification of quantum
molecular dynamics calculations such as the interference of light and matter, since
clusters are small atomic systems with physically reasonable boundary conditions.
Experimental treatments of such atomic and molecular clusters are now desired. In
order to examine such atomic and molecular clusters, we have implemented a
laser-vaporization supersonic-expansion cluster beam source with a reflectron-type
time-of-flight (TOF) spectrometer. In this article, the design of the cluster beam
source and the reflectron TOF spectrometer are described, along with the carbon,
silicon, and silver clusters generated. The generation of relatively large carbon
clusters known as fullerene are especially emphasized. The effect of cluster source
parameters such as nozzle pressure and vaporization laser wavelength on the
generated fullerene mass distribution are discussed.
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EXPERIMENTAL APPARATUS AND METHOD

The schematics of the cluster source apparatus is shown in Figure 1. It is
connected to the TOF mass spectrometer in Figure 2. The key design feature is the
same as one of the authors’ previous work, done with Smalley’s group at Rice
University [1]. The whole source system is mounted on a 6-in. six-way cross of a
UHYV chamber which can be pumped to about 10~ % torr. The very short helium gas
pulse of about 50 us duration is injected by the fast pulsed nozzle (Jordan valve)
from the top of the chamber. The sample disk is mounted on the sample holder,
which is pushed to the nozzle block and can rotate. The solid sample material is
vaporized by the laser beam focused to about 1 mm diameter. Instead of the
pressure inside the nozzle, the pressure variation measured at the target disk
position is shown in Figure 3. A miniature diaphragm pressure gauge is connected
to the nozzle instead of the target disk. Even though the pressure profile is dull
due to the small conductance of the 1-mm hole for the laser beam, a qualitative
change of the pressure in the nozzle from the trigger to the pulsed valve is
observed.

The delay time of the pulsed laser from the pulsed trigger is controlled by the
precise delay generator interfaced with a PC. The second harmonic of a Q-switched
Nd:YAG laser (532 nm) or an optical parametric oscillation (OPO) tunable laser
(500-867 nm) is used as the vaporization laser. The vapor of the sample expands to
the atmosphere of helium, and the clusters are formed in the nozzle. Then clusters
are carried and cooled by the helium gas flow, which undergoes the supersonic
expansion to the vacuum. The cluster beam is then skimmed by a ¢2.0-mm
skimmer to the reflectron TOF region (shown in Figure 2) underneath the cluster
source. When the packet of the cluster beam arrives between the electrodes, the
ionization laser (fourth-harmonic Nd:YAG, 266 nm) is shot. The ionized cluster is
accelerated by the positive high voltage set at the end electrode. The acceleration
is achieved by two stages for the higher mass resolution [2], as described later.
Then the positively charged cluster beam enters two pairs of ion deflectors, a
vertical pair of plates to cancel the kinetic energy of clusters accelerated by the
helium flow, and a horizontal pair of plates to adjust the direction of the beam to
the center of the reflectron. Here, we need to adjust voltages to the pair of vertical
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Figure 1. Schematics of cluster beam source apparatus.
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Figure 2. Schematics of reflectron TOF mass spectrometer.

plates according to the mass range. The ion beam is then reflected by the constant
electric field (linear gradient of voltage) set at the reflector, which is an array of
meshed plates with dividing electric resistance between them. Finally, the ion beam
arrives at the ion detector, MCP2 in Figure 2, which is a tandem microchannel
plate typically operated at 2-kV bias voltage to obtain a gain of about 10%. The
electric current signal is acquired directly by a digital storage oscilloscope. There is
another microchannel plate, MCP1 in Figure 2, behind the reflector in order to
constitute the linear TOF spectrometer, with which we can obtain higher signal
level but poorer mass resolution.

The timing triggers to the pulsed valve, vaporization-laser Q-switch and
ionization-laser Q-switch are controlled by the PC. The total flight time of clusters
starting from the ionization is expressed as
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Pressure at the nozzle.



42 S. MARUYAMA ET AL.

] b v i T T T T T T T T T T T T
Lmear TOF +
/f\fW\J W
Reflectron (x5)
M A
L\\Ww
0

Signal lntensity

1!!111L11""1'1L’

4 80  Figure 4. Comparison of linear TOF

Number of Carbon Atoms and reflectron.

where the initial potential of cluster is U, mass is m, total length of field free
region is L, U= kU,, k, = E/ E,. The two-stage acceleration and reflectron are
designed to minimize the variation of the arrival time ¢ due to the variation of
initial potential U, which is intrinsic due to the finite volume of ionization region.
Thus, di/ dk= 0 and d*y/ dk>= 0 are the conditions to determine the two-stage
voltages and reflectron voltages [3]. The mass spectra are typically averaged for 100
times.

The effect of the reflectron is demonstrated in Figure 4. Mass distribution of
large carbon clusters including Cg, is compared with linear TOF and reflectron
TOF. The higher mass resolution by the reflectron is apparent. However, the signal
intensity is weaker for the reflectron due to the loss of cluster during the longer
and complicated flight pass.

The effect of the ionization fluence is shown in Figure 5. With higher fluence
of ionization laser, more fragmentation of cluster is observed. For the carbon
clusters, two photons are needed to be ionized. We tried to use the smallest
fluence necessary to obtain a signal.

REFLECTRON TOF MASS SPECTRA OF VARIOUS CLUSTERS

Mass spectra of carbon, silicon, and silver clusters are compared in Figures
6—8. Those cluster distributions were obtained with 532-nm laser vaporization. The
carbon cluster distribution obtained from a graphite sample disk is shown in Figure
6. Only even-numbered clusters were observed for positively charged clusters
containing more than 30 carbon atoms, and C,4, was special as reported previously
[4]. The special feature of the carbon cluster is that we could obtain relatively large
clusters with less pressure of the nozzle compared with the cases of silicon and
silver clusters.

Figure 7 shows a silicon cluster mass spectrum. Clusters up to Si,, are
observed in Figure 7. The signal intensity decreased monotonically with cluster
size, though Siy is especially large. This is because of the fragmentation of larger
clusters. The effect was demonstrated by experiments with a larger fluence of
ionization laser. We observed enhanced Si; and Si, signal but decreased intensity
for larger clusters. The optimum pressure condition for silicon clusters is much



Signal intensity

Signal Intensity

PHOTOIONIZED TOF MASS SPECTROMETRY OF ATOMIC CLUSTERS

T T ] T

ionization Laser Power|

L T T T

322mJdicm?

Moo,

272mJicm?

AA A

0 2
m“h“uz*_gOan/cm

Wi, 82m J/em?

2
nth:ll_leu.h ,138mJ/cm

Ao

L 1 J. L L L 1 Il

50

!
100

Effect of ionization fluence.

TOF mass spectrum of carbon

Number of Carbon Atoms Figure 5.
30 60 90 120 Figure 6.
Number of Carbon Atoms cluster.
2 ) )
r ! Sig Si,
P 3
-"C—, - 4 _,AM—-_
Q
g b 5 l |
—g I 5 18 1
St
@ | 7 140 145 185 170
. & L 5. 9. 19 m
0 140 280

Mass of Si cluster [amu]j

Figure 7.

TOF mass spectrum of silicon cluster.
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Figure 8. TOF mass spectrum of silver cluster.

higher than for carbon clusters. Each subpeak of the silicon cluster corresponds to
the isotope distribution due to the natural abundance of isotopes (zgsi 92.23%, ?si
4.67%, si 3.10% ). The comparison of isotope distribution with the theoretical one
is demonstrated in the insert for Sis and Si,.

Figure 8 shows the mass spectrum for small silver clusters. The isotope

l09Ag 48.16%) is compared in

distribution (natural abundance: 107Ag 51.84% and
the insert for Ag, and Ag;. To obtain this silver cluster distribution, higher helium
gas pressure and higher power of the ionization laser were necessary compared

with silicon clusters.

EFFECT OF CLUSTER SOURCE PARAMETERS ON
GENERATION OF FULLERENE

The effects of cluster source parameters on the generation of fullerene, a
carbon cluster in the range C;,—C;,, were studied. Figure 9 shows the effect of
delay of the Q-switch of vaporization laser. The delay of the Q-switch corresponds
to the pressure of the nozzle at the onset of the vaporized plume as shown in
Figure 3. The overall signal intensity reaches maximum at about 340 us. The
pressure in the nozzle at the time of laser shot corresponds to about 150 torr from
Figure 3. This optimum pressure of helium is very close to the optimum pressure of
the arc-generation method, 100—500 torr. However, the laser ablation fullerene
generator works with argon gas at 500 torr. The vaporization laser is Nd:YAG,
second harmonic. The effect of valve current is shown in Figure 10. Higher current
corresponds to longer duration of high pressure of the nozzle as shown in Figure 3.
The amount of total pressure is indicated in each spectrum as the measure of the
valve driving current. Since the onset pressure changes at the same time as the
high pressure duration, overall signal intensity is maximum for the optimum
current. At the same time, it is apparent that relatively larger clusters become
more enhanced for longer duration of high pressure. It seems reasonable to expect
larger clusters using the higher pressure.

The effect of the wavelength of the vaporization laser is compared in Figure
11. Keeping the fluence of laser constant, the wavelength was changed in the
visible light range, 500—-867 nm (2.48—1.43 eV). Each spectrum is normalized with
the height of the C, signal. No effect of wavelength on the distribution pattern is
observed in Figure 11. Even though the vaporization process and clustering process
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porization laser.

is rather complicated because of the formation of plasma, it is suggested that the
primary role of the vaporization laser is thermal heating.
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