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Generation of carbon , silicon , an d silv er clu sters by a laser-v aporiza tion superson ic

( )expansion clu ster beam sou rce was studied u sin g a reflectron -type tim e-of-fligh t TOF m ass

spectrom eter. Th e atom ic clu ster was generated by the laser v aporization of a solid sam ple

disk, followed by coolin g with su person ic expan sion of pulsed heliu m gas. Th e n eu tral

cluster, carried by h eliu m gas, was ion ized by a fourth h arm on ic Nd:YAG laser an d

accelerated by h igh v oltage to the reflectron m ass spectrom eter. Positiv e-ion TOF m ass

spectra of carbon , silicon , and silv er clu sters were com pared for sev eral clu ster sou rce n ozzle

condition s. Heliu m gas pressu re at th e tim e of v aporization of solid m aterial played the key

role in clu ster size ran ge obtain ed. Th e effect of pressu re was thorou ghly exam ined for a

rela tiv ely la rge carbon clu ster, wh ich was regarded as fu lleren e.

Atomic and molecular clusters are being recognized as playing an important

role in the thin-film deposition process and phase -change phenomena. Furthe r-

more , small clusters are the most adequate system for the verification of quantum

molecular dynamics calculations such as the inte rference 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 re flectron-type

s .time -of-flight TO F spectrometer. In this article , the design of the cluster beam

source and the re flectron TOF spectrometer are described, along with the carbon,

silicon, and silver clusters gene rated. The gene ration of relatively large carbon

clusters known as fulle rene are e specially emphasized. The effect of cluster source

parameters such as nozzle pre ssure and vaporization laser wave length 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 TO F 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

w xUniversity 1 . The whole source system is mounted on a 6-in. six-way cross of a

UHV chamber which can be pumped to about 10
y 8

torr. The very short helium gas

s .pulse of about 50 m s duration is inje cted by the fast pulsed nozzle Jordan valve

from the top of the chamber. The sample disk is mounted on the sample holde r,

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 de lay time of the pulsed laser from the pulsed trigger is controlled by the

precise de lay generator interfaced with a PC. The second harmonic of a Q -switched

s . s .Nd:YAG laser 532 nm or an optical parametric oscillation OPO tunable lase r

s .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 he lium gas flow, which undergoes the supe rsonic

expansion to the vacuum. The cluster beam is then skimmed by a f 2.0-mm

s .skimmer to the re flectron TOF region shown in Figure 2 underneath the cluster

source. When the packet of the cluster beam arrives between the e le ctrodes, the

s .ionization laser fourth-harmonic Nd:YAG, 266 nm is shot. The ionized cluster is

acce le rated by the positive high voltage se t at the end e le ctrode . The acce le ration

w xis achieved by two stages for the highe r mass resolution 2 , as de scribed later.

Then the positively charged cluster beam enters two pairs of ion de flectors, a

vertical pair of plate s to cancel the kinetic energy of clusters acce le rated by the

helium flow, and a horizontal pair of plate s to adjust the direction of the beam to

the center of the re flectron. Here , we need to adjust voltages to the pair of vertical

Figu r e 1. Schematics of cluster beam source apparatus .



PHOTOIONIZED TOF MASS SPECTROM ETR Y OF ATOM IC CLUSTERS 41

Figu re 2. Schematics of re flectron TOF mass spectrome te r.

plate s according to the mass range . The ion beam is then re flected by the constant

s .e le ctric fie ld linear gradient of voltage se t at the re flector, which is an array of

meshed plate s with dividing electric re sistance between them. Finally, the ion beam

arrives at the ion de tector, MCP2 in Figure 2, which is a tandem microchanne l

plate typically operated at 2-kV bias voltage to obtain a gain of about 10
8
. The

e le ctric current signal is acquired directly by a digital storage oscilloscope. There is

another microchannel plate, MCP1 in Figure 2, behind the re flector in order to

constitute the linear TO F 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

2 m U 1 U L0 d Xs .t s 1 y k k y q k k q qX 1 1Xw 5 Xe E U 2U ks 0 0

2 d U 2 d UT T K TXk y k y q k yX Xt /U U U y U UT 0 K T 0

Figu r e 3. Pre ssure at the nozzle .
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Figu r e 4. Comparison of linear TOF

and re flectron.

where the initial potential of cluster is U , mass is m , total length of field free

region is L , U s kU , k s E r E . The two-stage acceleration and re flectron are0 1 s d

designed to minimize the variation of the arrival time t due to the variation of

initial potential U , which is intrinsic due to the finite volume of ionization region.

Thus, d tr dk s 0 and d
2
tr dk

2 s 0 are the conditions to determine the two-stage

w xvoltages and re flectron voltages 3 . The mass spectra are typically averaged for 100

times.

The effect of the re flectron is demonstrated in Figure 4. Mass distribution of

large carbon clusters including C is compared with linear TO F and reflectron60

TO F. The highe r mass resolution by the re flectron is apparent. Howe ver, the signal

intensity is we aker 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 lase r, more fragmentation of cluster is observed. For the carbon

clusters, two photons are needed to be ionized. We tried to use the smalle st

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 we re obtained with 532-nm laser vaporization. The

carbon cluster distribution obtained from a graphite sample disk is shown in Figure

6. O nly even-numbered clusters we re observed for positively charged clusters

containing more than 30 carbon atoms, and C was special as reported previously60

w x4 . The special feature of the carbon cluster is that we could obtain re latively large

clusters with le ss 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 are11

observed in Figure 7. The signal intensity decreased monotonically with cluster

size , though Si is especially large. This is because of the fragmentation of larger6

clusters. The e ffect was demonstrated by expe riments with a larger fluence of

ionization laser. We observed enhanced Si and Si signal but decreased intensity1 2

for larger clusters. The optimum pressure condition for silicon clusters is much
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Figu re 5. Effe ct of ionization flue nce.

Figu re 6. TOF mass spectrum of carbon

cluster.

Figu r e 7. TOF mass spe ctrum of silicon cluster.
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Figu r e 8. TOF mass spe ctrum of silve r cluster.

higher than for carbon clusters. Each subpeak of the silicon cluster corresponds to

s
28 29

the isotope distribution due to the natural abundance of isotope s Si 92.23% , Si
30

.4.67% , Si 3.10% . The comparison of isotope distribution with the theoretical one

is demonstrated in the insert for Si and Si .5 6

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

s
107 109

.distribution natural abundance: Ag 51.84% and Ag 48.16% is compared in

the inse rt for Ag and Ag . To obtain this silver cluster distribution, highe r helium2 3

gas pressure and highe r power of the ionization laser we re necessary compared

with silicon clusters.

EFFECT OF CLUSTER SOURCE PARAMETERS ON
GENERATION OF FULLERENE

The e ffects of cluster source parameters on the generation of fullerene , a

carbon cluster in the range C ] C , were studied. Figure 9 shows the e ffect of30 130

delay of the Q-switch of vaporization laser. The delay of the Q -switch corresponds

to the pressure of the nozzle at the onse t of the vaporized plume as shown in

Figure 3. The overall signal intensity reache s maximum at about 340 m s. 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-gene ration method, 100 ] 500 torr. Howe ver, the laser ablation fulle rene

generator works with argon gas at 500 torr. The vaporization laser is Nd:YAG,

second harmonic. The e ffect 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 pre ssure 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 wave length of the vaporization laser is compared in Figure

11. Keeping the fluence of laser constant, the wavelength was changed in the

s .visible light range, 500 ] 867 nm 2.48 ] 1.43 eV . Each spectrum is normalized with

the he ight of the C signal. No effect of wave length on the distribution pattern is60

observed in Figure 11. Even though the vaporization process and clustering process
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Figu r e 9. Effect of he lium gas pre ssure .

Figu r e 10. Effect of he lium gas dura-

tion.
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Figu re 11. Effe ct of wavelength of va-

porization laser.

is rathe r 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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