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Distributions of C , and C; radical densities in laser-ablation carbon plumes
measured by laser-induced fluorescence imaging spectroscopy
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We measured temporal variations of the distributions efa@d G radical densities in carbon
plumes produced by laser ablation of graphite in ambient He gas. Laser-induced fluorescence
imaging spectroscopy was used for the measurement. The temporal variations of total numbers of
C, and G contained in plumes were evaluated by integrating the density distributions. The
experimental observations have shown that the gas-phase productigni®fc@mparable to the

direct production from the target, while;@& mainly produced in gas phase by three-body reactions
between C and £ In addition, we have discussed a scenario for the temporal evolution of heavy
clusters(C,, with n=4). The present results are useful for understanding initial formation processes
of carbon clusters in laser-ablation plumes.2002 American Institute of Physics.

[DOI: 10.1063/1.1455151

I. INTRODUCTION integrating the spatial distributions. By referring to these ex-
perimental observations, we compared the gas-phase produc-
Unique properties and potential applications of carborntions of G and G with the direct productions from the
clusters such as fullererfeand nanotubéshas led research- graphite target. In addition, the growth processes of clusters
ers to investigate the synthesis of clusters. Nevertheless, fumvere discussed by considering the temporal variations of the
damental understanding of growth processes of carbon clustensity distributions. The present experimental results are
ters is still insufficient. In order to develop an optimized consistent with the result of laser photoionizatiboarried
synthesis method of clusters, we should have a better undeput in the same apparatus. The present LIF imaging spectros-
standing of the formation mechanisms. However, experimeneopy and the previous laser photoionization measurement
tal investigation on the fundamental aspect of the clusteprovide a scenario for the evolution of carbon clusters in the

formation is not an easy task. laser-ablation plume.
Laser ablation of a graphite target in rare gas atmosphere
is a synthesis method of carbon clust&rSAlthough the Il. EXPERIMENT

laser ablation technique is not suitable to mass production, it
is useful for investigating the growth processes of Laser ablation of graphite was carried out in a vacuum
cluster€1° The purpose of the present work is to under-chamber shown in Fig. 1. A graphite target was installed on a
stand the initial growth processes of carbon clusters in cartotating target holder. The electric potential of the target
bon plumes produced by laser ablation of graphite. In thid1older was floating. Nd:YAG laser pulses at a wavelength of
study, a diagnostic technique plays an essential role. Sinck06um irradiated the target from the normal direction to the
kinetics of laser ablation plumes contain dynamic phenomiarget surface. The YAG laser beam was focused using a
ena with transient properties, the diagnostic technique shoul§ns. and the laser fluence on the target surface was estimated
have high temporal and spatial resolutions. to be 3 J/crh. The duration of the YAG laser pulse was 10
Optical methods are suitable for the diagnostics of laserDS. After the vacuum chamber was evacuated below 5
ablation plumes because of the nonintrusive nature. How 10"’ Torr using a turbomolecular pump, He gas was in-
ever, simple optical emission spectroscopy does not providiécted into the chamber. The pressure of ambient He gas was
sufficient information since optical emission from the plumebelow 5 Torr in the present experiment. . _
is obtained for only several microseconds after the irradia- Tunable laser pulses yielded from an optical parametric
tion of the laser pulse for ablation. In the present work, weoscillator(OPO were launched into the plume in front of the
adopted laser-induced  fluorescencdLIF) imaging target. The tunable I'ase.r beam was arranged to have a plane
spectroscopyt~12 Using this technique, we visualized the shape using two cylindrical lenses. The width and the thlck-_
distributions of G and G radical densities in laser-ablation N€sS of the plane-shaped tunable laser beam were approxi-
carbon plumes. The visualized density distributions were opMately 27 and 1 mm, respectively, @d G radicals in the

tained as a function of time after the irradiation of the laselume were excited by the tunable laser. Fluorescence emis-
pulse for ablation. The temporal variations of the total num-Sions yielded from excited £and G formed images on the

bers of G and G contained in the plume were evaluated by pIane—sha_peq tunable laser beam. The images of the. fluores-
cence emissions were taken by a charge coupled device cam-

era with a gated image intensifier. Interference filters with
3E|ectronic mail: sasaki@nuee.nagoya-u.ac.jp high transmissions at the fluorescence wavelengths were in-
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FIG. 1. Schematic of the experimental apparatus.
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stalled in front of the camera to separate the fluorescenc
emissions from stray lights and self-emissions of the plumes
In this way, we obtained the two-dimensional images of the
C, and G radical densities in the plume. The temporal varia-
tions of the density distributions were obtained by changing
the delay timetp between the oscillations of the YAG and
OPO lasers. The energy levels and the wavelengths used i
the present LIF imaging spectroscopy were summarized in
Table I™7'7 It is noted that G radicals detected by the fiG. 2. Temporal variation of the density distribution of Gbserved in
present LIF scheme are at a metastallél{,) state. How-  vacuum.

ever, since the energy separation betweerattid, state and

the ground K '3 ;) state is only 0.076 eV, the*I1,, state is

expected to have a large population and to have similar chafe|ative change in the £density can be seen from the mag-
acteristics to the ground statSince the wavelengths of the nitudes of the vertical axes of the figures. The magnitudes of
LIF emissions were far from the excitation wavelengths, nothe vertical axes of all the figures showing the distribution of
stray light was mixed in the images of the LIF emissions.c2 density are normalized by the maximuny @ensity ob-
Self-emissions of the plume at the same wavelengths as thgrved in vacuunithe maximum G density in vacuum was
fluorescence emissions were observed. The self-emissioghserved at,=0.6 u9). It is seen from Fig. 2 that the den-
were intense just after the irradiation of the YAG laser pulsesity distribution of G spreads rapidly after the irradiation of
In this case, we subtracted the images of the self-emissionfie YAG laser pulse. The flight speed of the peak position of
from those of the LIF emissions to evaluate the density disthe density distribution was approximately ¥.50° cm/s.

Co density

(b) tp=4 ps

tributions of G and G at the ground states. Because of the rapid expansion of the plume, thel€nsity
attp=4 us was one order of magnitude lower than that at
IIl. RESULTS tp=1.5us.

The distributions of g radical density atp=1.5 and 4
us are shown in Fig. 3. The maximum @ensity in vacuum

Figure 2 shows distributions of ;Qradical density ob- was observed d=1.5 us. The magnitudes of the vertical
served atp=1.5 and 4us after the irradiation of the YAG axes of all the figures showing the distribution of @nsity
laser pulse. Bird’'s-eye graphs are shown together with conare normalized by the maximum;Qlensity in vacuum at
tour plots of the density distributions. The YAG laser pulsetp=1.5 us. The vertical axes of Figs. 2 and 3 cannot be
was irradiated at=z=0 cm in the figurer andz stand for compared. The ratio of £to C; densities have not been
the radial position and the distance from the target, respedetermined yet. Since the;@ensity observed in vacuum is
tively). Although the absolute L£density is unknown, the low, Fig. 3 is poor in the signal-to-noise ratio. The rapid

A. Density distributions of C , and C5 in vacuum

TABLE I. Energy levels and wavelengths used in the LIF imaging spectroscopy.

Particle Initial state Excitation Excited state Fluorescence Final state
G, a s, (v"=0) 516.52 nm d3M4(v'=0) 563.6 nm a’T,(v"=1)
_— _
Cs X 12;(000) 405.13 nm A 11,,(000) 426.4nm X 123(100)

E— R
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FIG. 3. Temporal variation of the density distribution of Gbserved in % 0.04 &
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expansion of the density distribution was also observed inz
C;. At tp=4 us, the G radical density was close to the §
noise level. 3
N
] B W«

B. Density distributions of C , and C5 in ambient He
gas at 1 Torr

The distributions of ¢ radical density atp=4, 20, and
100 us observed in ambient He gas at 1 Torr are shown in
Fig. 4. In ambient He gas at a pressure higher than 0.5 TorgIG. 4. Temporal variation of the density distribution of Gbserved in
the expansion and the movement of the plume were reambient He gas at 1 Torr.
stricted significantly, and the entire volume of the plume ex-
isted inside of the observation area for a long time. Compar-
ing Fig. 4a) with Fig. 2(b), it is known that the volume of
the plume in ambient He gas was much smaller than that in

. : Figure 5 shows the distributions of;Cadical density
vacuum at the same observation time. Because of the re- : . .
. . . . Observed in ambient He gas at 1 Torr. The magnitudes of the
stricted expansion of the plume, the €dical density ob-

served in ambient He gas was much higher than that o vertical axes of Fig. 5 indicate that the Gensity in ambient

served in vacuum. The density distribution of €hown in He gas Wa§ h'gher than the-mf.;\xmurgdbnsny n vaguum.

Fig. 4a) has a crescent shape with a sheer front and a gradg*S Shown in Fig. &), the distribution of the ¢ density at

ally decreasing tail. This crescent density distribution may bdp =20 #s had two peaks. A peak was adjacent to the target
owing to a shock wavéblast wave which is excited by the surface, and the other peak was located near the leading edge
supersonic expansion of the high-density plume in ambien®f the plume. Comparing Fig.(8 with Fig. 4(b), it is seen

He gas:® The crescent density distribution disappeared aftefhat the peak near the leading edge roughly corresponds to
tp=10 us. The movement of the plume was very slow afterthe peak position of the L£density at the same observation
the disappearance of the shock wave, and the density distiime of tp =20 us. Attp =100 us, we observed the growth
bution of G, approached the isotropic one as shown in Figsof the peak near the leading edge. On the other hand, the
4(b) and 4c). The slow expansion of the density distribution peak adjacent to the target decreased with time as shown in
aftertp=10 us may be mainly due to diffusion. Figs. §b) and Hc).
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C. Density distributions of C , and C3 in ambient He
gas at 5 Torr

In ambient He gas at 5 Torr, the movement and the ex-
pansion of the plume were restricted more significantly. In (d) tp=400 us
comparison with Fig. 4, the size of the density distribution of
the G, radical in 5 Torr was smaller than that in 1 Torr at the FIG. 6. Temporal variation of the density distribution of Gbserved in

. . L L ambient He gas at 5 Torr.

same observation time. In addition, thg @ensity in 5 Torr
was higher than that in 1 Torr. The crescent density distribu-
tion due to the excitation of a shock wave was also observed
in ambient He gas at 5 Torr <8 us. Attp<20 us, the  bution was neighboring to the target. The @ensity de-
peak in the density distribution of Gvas positioned at the creased atp=20 us. The decrease in the, @ensity was
front area of the plume as shown in Figgapand 6b). On  significant in the front area of the plume, resulting in the
the other hand, =100 us, the peak in the density distri- particular density distribution shown in Fig(d.
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FIG. 7. Temporal variation of the density distribution of Gbserved in

ambient He gas at 5 Torr.

The size of the density distribution of;Gn 5 Torr was

Sasaki et al. 4037

<200 us. The double peak structure of Cadical density
was also observed in He gas at 5 Torr as shown in Ra. 7
The growth of the peak in the front area of the plume was
remarkable, while the peak adjacent to the target decreased
monotonically. These different behaviors of the two peaks
resulted in the density distribution of;(aving the peak in
the front area of the plume as shown in Fig&)and 7d). It

is noted that the growth area of thg @ensity corresponds to
the decreasing area of the, @ensity. Comparing Fig. (@)
with Fig. 6(d), it is known that the gand G radicals occupy
different areas in the plume =400 us.

IV. DISCUSSION AND CONCLUSIONS
A. Influence of collisional quenching

The intensity of LIF emission is influenced by collisional
guenching under high-pressufteigh-density conditions. In
the case of the present experiment, the quenching of the LIF
emissions from g and G is caused by collisions with am-
bient He gas and with particles ejected from the target. The
quenching due to collision with He is expected to be spa-
tially uniform. To examine the influence of the quenching
due to collision with He, we measured the lifetimes of LIF
emissions from €and G as a function of the pressure. This
measurement was carried out at a delay time tgf
=100 us to avoid the quenching due to collision with
ejected particles. As a result, it was confirmed that the
quenching of the LIF emission from,Qlue to collision with
He was negligible at pressures less than 5 Torr, while we
observed the decrease in the lifetime afWith the He pres-
sure. From the pressure dependence of the lifetime, we
evaluated a radiative lifetime of 210 ns and a quenching rate
coefficient of 3x 10~ ! cm®/s for the A *I1,(000) state of
C;. From this experimental result, the decrease in the LIF
emission intensity from €is corrected by multiplying the
raw LIF intensity by a factor of (% 0.2p) with p being the
He gas pressure in Torr. On the other hand, the correction of
the quenching due to collision with ejected patrticles is diffi-
cult. This is because the quenching due to collision with
ejected particles is dependent on the position since ejected
particles have significant spatial distributions as shown in
Figs. 2—7. According to the decrease in the lifetime observed
at z=10 mm from the target, the quenching due to collision
with ejected particles decreases the LIF emission intensity at
tp=<5 us. The influence of the quenching is more significant
in the neighboring region to the target. It is noted that the
influence of collisional quenching has not been corrected in
Figs. 2—7 because of the difficulty in the correction of the
quenching due to collision with ejected particles. The details
of the experimental results on the collisional quenching will
be described in a separate paffer.

B. Comparison between reactions and transport

The dynamic behaviors of the density distributions ¢f C

also smaller than that in 1 Torr as shown in Fig. 7. The pealand G are determined by the combined effect of transport

C; density in 5 Torr was higher than that in 1 Torr tat

and reactions. It is known from Figs. 2 and 3 that, in vacuum
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2 - - - maximum numbers of £and G, respectively, observed in
2 —&- Vacuum a)C vacuum. In other words, the vertical axes show the degree of
= @ ¢,
5 01 Torr the enhancement in the numbers of &hd G in gas phase,
. 15 -*-1 Tom X
£ 7l |-3Tor I.’:"::‘ provided that the numbers of,Gand G ejected from the
= > oTor ¥ ";"v target directly are independent of the pressure of ambient He
o 11 ‘Egm»«*&g‘ ] gas. It is noted that the quenching of the LIF emissions due
g ﬁi ‘*\ to collision with particles ejected from the target may be
£ :,' \* responsible for the small total numbers of @xd G ob-
2 05} Y served atp <5 us.
= ‘\\_ As shown in Fig. 8a), the numbers of €observed in
P ‘-.g ambient He gas at 1 and 3 Torr were 1.6 times bigger than
0 ! ! ! that in vacuum at the maximum. The increase in the number
= 5 o) Cl ' ' of C, is probably due to a gas-phase reaction,
£ 3 Y
= / C+C+M—C,+M. 1)
=1 4F ¥ ] 2
. {
}% =V acuum J The ambient He gas enhances this three-body reaction by
. 3L |-=o0.1Tor v ] increasing the density of M in two ways; one is the increase
% ::ggg o " in the density of He and the other is the increase in the local
5 ol |=*=5Tor v,.r' ',ﬂ?‘c*-fq ] density of carbon species. The latter effect is obtained by the
£ g e, fact that the expansion of the plume is restricted in ambient
2 ] ,."," He gas. The peak in the total number of &peared atp
g b f*) ,::,a" ] =8 us in 3 Torr, which was earlier than the peak time of
= N tp=20 us observed in 1 Torr. This result is reasonable since

reaction(1) is more efficient in ambient gas at a higher pres-
sure. On the other hand, the total number gfdBserved in
5 Torr was smaller than those in 1 and 3 Torr. However, the
FIG. 8. Temporal variation of the total numbers(af C, and(b) C; con- ~ Smaller number of €in 5 Torr may not indicate the less
tained in the plume. efficient production of ¢. The production of €is probably
efficient in 5 Torr, but the loss of Omay also be significant.
The loss of G means the production of heavier carbon spe-
and ambient He gas at low<(0.1 Torr) pressures, transport gjes G, with n=3. The constant number of,®bserved at
is principally important in the determination of the &nd G t,=7—-60 us in 5 Torr may be attributed to the balance
radical densities. Because of the rapid transport, thded-  petween the production and the loss of @ the decreasing
sity in vacuum decreases by a factor of 100 atsafter the  period of the total number, Qs consumed by the production
irradiation of the YAG laser pulse. In ambient He gas atgf heavier carbon species.
pressures higher than 0.5 Torr, hydrodynamic effects such as  aAg shown in Fig. &), the enhancement in the total num-
the excitation of a shock wave partly influence the densityyey of G, in ambient He gas was more significant than that of
distributions of G and G. However, chemical reactions pre- ¢, The quenching of the LIF emission due to collision with
dominantly govern the behaviors of,@nd G when the  He js corrected in Fig. @). In ambient He gas at 1 Torr, the
chamber is filled with ambient He gas. This is because thggtal number of G was 4.5 times bigger than that in vacuum.
transport of the plume is significantly restricted by collision The increasing period of the total number of €orre-
between ablated particles and He gas. As shown in Figsgponded to the decreasing period of the total number,of C

4-7, G and G are lost inside of the observation area due toThese results suggest the gas-phase production o€ to
chemical reactions. a reaction,

o M l l
10t 10° 10" 10®2  10°
Observation time {; (us)

C. Temporal change in the total numbers of C , and Cot C+M—Ca+ M. @

Cs This three-body reaction becomes more efficient in ambient
In order to examine the effect of reactions in the plume1€ 9as at a higher pressure. The production pfrém G, is

separately, we spatially integrated the density distributionSUPPOrted by the fact that the increasing area gfcarre-
shown in Figs. 2—7 to evaluate total numbers gfadd G sponds to the decreasing area of & shown in Figs. 4-7.

contained in the plume. The integration was carried out onlyl "€ total numbers of Cobserved in 3 and 5 Torr were

when the entire volume of the density distribution was lo-Smaller than that in 1 Torr, which may be due to the signifi-
cated in the observation area. The density distributions me&2nt [0ss of G to produce heavier carbon species.

sured experimentally in both sides B0 cm andr<0cm
were averaged. The distribution thus obtained in the)(
plane was integrated under the assumption of the cylindrica?'
symmetry. The temporal variations of the total numbers of  According to the discussion described above, the main
C, and G radicals are shown in Fig. 8. The magnitudes ofsources of ¢ and G are identified as follows. It is generally
the vertical axes of Figs.(8 and &b) are normalized by the understood that gas-phase productions gfa@d G due to

Main sources of C , and Cg4
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reactions(1) and(2) are negligible in vacuum and a low gas from the present experimental results that heavy clusters are
pressure. Therefore the main sources gfa@dd G in the  mainly formed at,=200 us is consistent with the previous
low-pressure €0.1 Torr) condition are the graphite target. photoionization diagnostics of the plume. It is noted that the
In ambient He gas at a pressure higher than 0.5 Torr, thBme scale described here is probably dependent on experi-
three-body reaction€l) and (2) become efficient. However, mental conditions. For example, if the pressure of ambient
since the increase in the total number gfi€approximately  gas is higher, the size of the plume may be smaller due to the
60% at the maximum as shown in Fig(ag the graphite confinement effect of the ambient gas, which may result in
target plays the principal role as the source gf&ven in  the faster growth of clusters. An important point shown by
ambient He gas at a high pressure. This means thas @ the present work is the sequential growth of clusters.

major species ejected from the graphite target by laser abla-
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