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Distributions of C2 and C3 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 of C2 and C3 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
C2 and C3 contained in plumes were evaluated by integrating the density distributions. The
experimental observations have shown that the gas-phase production of C2 is comparable to the
direct production from the target, while C3 is mainly produced in gas phase by three-body reactions
between C and C2 . In addition, we have discussed a scenario for the temporal evolution of heavy
clusters 共Cn with n⭓4兲. The present results are useful for understanding initial formation processes
of carbon clusters in laser-ablation plumes. © 2002 American Institute of Physics.
关DOI: 10.1063/1.1455151兴

I. INTRODUCTION

integrating the spatial distributions. By referring to these experimental observations, we compared the gas-phase productions of C2 and C3 with the direct productions from the
graphite target. In addition, the growth processes of clusters
were discussed by considering the temporal variations of the
density distributions. The present experimental results are
consistent with the result of laser photoionization14 carried
out in the same apparatus. The present LIF imaging spectroscopy and the previous laser photoionization measurement
provide a scenario for the evolution of carbon clusters in the
laser-ablation plume.

Unique properties and potential applications of carbon
clusters such as fullerenes1 and nanotubes2 has led researchers to investigate the synthesis of clusters. Nevertheless, fundamental understanding of growth processes of carbon clusters is still insufficient. In order to develop an optimized
synthesis method of clusters, we should have a better understanding of the formation mechanisms. However, experimental investigation on the fundamental aspect of the cluster
formation is not an easy task.
Laser ablation of a graphite target in rare gas atmosphere
is a synthesis method of carbon clusters.3–7 Although the
laser ablation technique is not suitable to mass production, it
is useful for investigating the growth processes of
clusters.8 –10 The purpose of the present work is to understand the initial growth processes of carbon clusters in carbon plumes produced by laser ablation of graphite. In this
study, a diagnostic technique plays an essential role. Since
kinetics of laser ablation plumes contain dynamic phenomena with transient properties, the diagnostic technique should
have high temporal and spatial resolutions.
Optical methods are suitable for the diagnostics of laserablation plumes because of the nonintrusive nature. However, simple optical emission spectroscopy does not provide
sufficient information since optical emission from the plume
is obtained for only several microseconds after the irradiation of the laser pulse for ablation. In the present work, we
adopted laser-induced fluorescence 共LIF兲 imaging
spectroscopy.11–13 Using this technique, we visualized the
distributions of C2 and C3 radical densities in laser-ablation
carbon plumes. The visualized density distributions were obtained as a function of time after the irradiation of the laser
pulse for ablation. The temporal variations of the total numbers of C2 and C3 contained in the plume were evaluated by

II. EXPERIMENT

Laser ablation of graphite was carried out in a vacuum
chamber shown in Fig. 1. A graphite target was installed on a
rotating target holder. The electric potential of the target
holder was floating. Nd:YAG laser pulses at a wavelength of
1.06 m irradiated the target from the normal direction to the
target surface. The YAG laser beam was focused using a
lens, and the laser fluence on the target surface was estimated
to be 3 J/cm2 . The duration of the YAG laser pulse was 10
ns. After the vacuum chamber was evacuated below 5
⫻10⫺7 Torr using a turbomolecular pump, He gas was injected into the chamber. The pressure of ambient He gas was
below 5 Torr in the present experiment.
Tunable laser pulses yielded from an optical parametric
oscillator 共OPO兲 were launched into the plume in front of the
target. The tunable laser beam was arranged to have a plane
shape using two cylindrical lenses. The width and the thickness of the plane-shaped tunable laser beam were approximately 27 and 1 mm, respectively. C2 and C3 radicals in the
plume were excited by the tunable laser. Fluorescence emissions yielded from excited C2 and C3 formed images on the
plane-shaped tunable laser beam. The images of the fluorescence emissions were taken by a charge coupled device camera with a gated image intensifier. Interference filters with
high transmissions at the fluorescence wavelengths were in-
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FIG. 1. Schematic of the experimental apparatus.

stalled in front of the camera to separate the fluorescence
emissions from stray lights and self-emissions of the plume.
In this way, we obtained the two-dimensional images of the
C2 and C3 radical densities in the plume. The temporal variations of the density distributions were obtained by changing
the delay time t D between the oscillations of the YAG and
OPO lasers. The energy levels and the wavelengths used in
the present LIF imaging spectroscopy were summarized in
Table I.15–17 It is noted that C2 radicals detected by the
present LIF scheme are at a metastable (a 3 ⌸ u ) state. However, since the energy separation between the a 3 ⌸ u state and
3
the ground (X 1 ⌺ ⫹
g ) state is only 0.076 eV, the a ⌸ u state is
expected to have a large population and to have similar characteristics to the ground state.18 Since the wavelengths of the
LIF emissions were far from the excitation wavelengths, no
stray light was mixed in the images of the LIF emissions.
Self-emissions of the plume at the same wavelengths as the
fluorescence emissions were observed. The self-emissions
were intense just after the irradiation of the YAG laser pulse.
In this case, we subtracted the images of the self-emissions
from those of the LIF emissions to evaluate the density distributions of C2 and C3 at the ground states.

FIG. 2. Temporal variation of the density distribution of C2 observed in
vacuum.

relative change in the C2 density can be seen from the magnitudes of the vertical axes of the figures. The magnitudes of
the vertical axes of all the figures showing the distribution of
C2 density are normalized by the maximum C2 density observed in vacuum 共the maximum C2 density in vacuum was
observed at t D ⫽0.6  s兲. It is seen from Fig. 2 that the density distribution of C2 spreads rapidly after the irradiation of
the YAG laser pulse. The flight speed of the peak position of
the density distribution was approximately 1.5⫻105 cm/s.
Because of the rapid expansion of the plume, the C2 density
at t D ⫽4  s was one order of magnitude lower than that at
t D ⫽1.5  s.
The distributions of C3 radical density at t D ⫽1.5 and 4
s are shown in Fig. 3. The maximum C3 density in vacuum
was observed at t D ⫽1.5  s. The magnitudes of the vertical
axes of all the figures showing the distribution of C3 density
are normalized by the maximum C3 density in vacuum at
t D ⫽1.5  s. The vertical axes of Figs. 2 and 3 cannot be
compared. The ratio of C2 to C3 densities have not been
determined yet. Since the C3 density observed in vacuum is
low, Fig. 3 is poor in the signal-to-noise ratio. The rapid

III. RESULTS
A. Density distributions of C2 and C3 in vacuum

Figure 2 shows distributions of C2 radical density observed at t D ⫽1.5 and 4 s after the irradiation of the YAG
laser pulse. Bird’s-eye graphs are shown together with contour plots of the density distributions. The YAG laser pulse
was irradiated at r⫽z⫽0 cm in the figure 共r and z stand for
the radial position and the distance from the target, respectively兲. Although the absolute C2 density is unknown, the

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

Initial state

C2
C3

Excitation

Excited state

a ⌸ u ( v ⬙ ⫽0)

516.52 nm

d ⌸ g ( v ⬘ ⫽0)

X̃ 1 ⌺ ⫹
g (000)

405.13 nm

3

——→
——→

3

Ã 1 ⌸ u (000)

Fluorescence

Final state

563.6 nm

a 3 ⌸ u ( v ⬙ ⫽1)

——→
426.4 nm

——→

X̃ 1 ⌺ ⫹
g (100)
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FIG. 3. Temporal variation of the density distribution of C3 observed in
vacuum.

expansion of the density distribution was also observed in
C3 . At t D ⫽4  s, the C3 radical density was close to the
noise level.
B. Density distributions of C2 and C3 in ambient He
gas at 1 Torr

The distributions of C2 radical density at t D ⫽4, 20, and
100 s observed in ambient He gas at 1 Torr are shown in
Fig. 4. In ambient He gas at a pressure higher than 0.5 Torr,
the expansion and the movement of the plume were restricted significantly, and the entire volume of the plume existed inside of the observation area for a long time. Comparing Fig. 4共a兲 with Fig. 2共b兲, it is known that the volume of
the plume in ambient He gas was much smaller than that in
vacuum at the same observation time. Because of the restricted expansion of the plume, the C2 radical density observed in ambient He gas was much higher than that observed in vacuum. The density distribution of C2 shown in
Fig. 4共a兲 has a crescent shape with a sheer front and a gradually decreasing tail. This crescent density distribution may be
owing to a shock wave 共blast wave兲 which is excited by the
supersonic expansion of the high-density plume in ambient
He gas.19 The crescent density distribution disappeared after
t D ⯝10  s. The movement of the plume was very slow after
the disappearance of the shock wave, and the density distribution of C2 approached the isotropic one as shown in Figs.
4共b兲 and 4共c兲. The slow expansion of the density distribution
after t D ⫽10  s may be mainly due to diffusion.

FIG. 4. Temporal variation of the density distribution of C2 observed in
ambient He gas at 1 Torr.

Figure 5 shows the distributions of C3 radical density
observed in ambient He gas at 1 Torr. The magnitudes of the
vertical axes of Fig. 5 indicate that the C3 density in ambient
He gas was higher than the maximum C3 density in vacuum.
As shown in Fig. 5共a兲, the distribution of the C3 density at
t D ⫽20  s had two peaks. A peak was adjacent to the target
surface, and the other peak was located near the leading edge
of the plume. Comparing Fig. 5共a兲 with Fig. 4共b兲, it is seen
that the peak near the leading edge roughly corresponds to
the peak position of the C2 density at the same observation
time of t D ⫽20  s. At t D ⫽100  s, we observed the growth
of the peak near the leading edge. On the other hand, the
peak adjacent to the target decreased with time as shown in
Figs. 5共b兲 and 5共c兲.

Downloaded 19 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

4036

J. Appl. Phys., Vol. 91, No. 7, 1 April 2002

Sasaki et al.

FIG. 5. Temporal variation of the density distribution of C3 observed in
ambient He gas at 1 Torr.

C. Density distributions of C2 and C3 in ambient He
gas at 5 Torr

In ambient He gas at 5 Torr, the movement and the expansion of the plume were restricted more significantly. In
comparison with Fig. 4, the size of the density distribution of
the C2 radical in 5 Torr was smaller than that in 1 Torr at the
same observation time. In addition, the C2 density in 5 Torr
was higher than that in 1 Torr. The crescent density distribution due to the excitation of a shock wave was also observed
in ambient He gas at 5 Torr at t D ⭐8  s. At t D ⭐20  s, the
peak in the density distribution of C2 was positioned at the
front area of the plume as shown in Figs. 6共a兲 and 6共b兲. On
the other hand, at t D ⫽100  s, the peak in the density distri-

FIG. 6. Temporal variation of the density distribution of C2 observed in
ambient He gas at 5 Torr.

bution was neighboring to the target. The C2 density decreased at t D ⭓20  s. The decrease in the C2 density was
significant in the front area of the plume, resulting in the
particular density distribution shown in Fig. 6共d兲.
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⭐200  s. The double peak structure of C3 radical density
was also observed in He gas at 5 Torr as shown in Fig. 7共a兲.
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 C3 having the peak in
the front area of the plume as shown in Figs. 7共c兲 and 7共d兲. It
is noted that the growth area of the C3 density corresponds to
the decreasing area of the C2 density. Comparing Fig. 7共d兲
with Fig. 6共d兲, it is known that the C2 and C3 radicals occupy
different areas in the plume at t D ⫽400  s.

IV. DISCUSSION AND CONCLUSIONS
A. Influence of collisional quenching

The intensity of LIF emission is influenced by collisional
quenching under high-pressure 共high-density兲 conditions. In
the case of the present experiment, the quenching of the LIF
emissions from C2 and C3 is caused by collisions with ambient He gas and with particles ejected from the target. The
quenching due to collision with He is expected to be spatially uniform. To examine the influence of the quenching
due to collision with He, we measured the lifetimes of LIF
emissions from C2 and C3 as a function of the pressure. This
measurement was carried out at a delay time of t D
⫽100  s to avoid the quenching due to collision with
ejected particles. As a result, it was confirmed that the
quenching of the LIF emission from C2 due to collision with
He was negligible at pressures less than 5 Torr, while we
observed the decrease in the lifetime of C3 with the He pressure. From the pressure dependence of the lifetime, we
evaluated a radiative lifetime of 210 ns and a quenching rate
coefficient of 3⫻10⫺11 cm3 /s for the Ã 1 ⌸ u (000) state of
C3 . From this experimental result, the decrease in the LIF
emission intensity from C3 is corrected by multiplying the
raw LIF intensity by a factor of (1⫹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 particles is difficult. 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
t D ⭐5  s. 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 paper.20
FIG. 7. Temporal variation of the density distribution of C3 observed in
ambient He gas at 5 Torr.

B. Comparison between reactions and transport

The size of the density distribution of C3 in 5 Torr was
also smaller than that in 1 Torr as shown in Fig. 7. The peak
C3 density in 5 Torr was higher than that in 1 Torr at t D

The dynamic behaviors of the density distributions of C2
and C3 are determined by the combined effect of transport
and reactions. It is known from Figs. 2 and 3 that, in vacuum
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maximum numbers of C2 and C3 , respectively, observed in
vacuum. In other words, the vertical axes show the degree of
the enhancement in the numbers of C2 and C3 in gas phase,
provided that the numbers of C2 and C3 ejected from the
target directly are independent of the pressure of ambient He
gas. It is noted that the quenching of the LIF emissions due
to collision with particles ejected from the target may be
responsible for the small total numbers of C2 and C3 observed at t D ⭐5  s.
As shown in Fig. 8共a兲, the numbers of C2 observed in
ambient He gas at 1 and 3 Torr were 1.6 times bigger than
that in vacuum at the maximum. The increase in the number
of C2 is probably due to a gas-phase reaction,
C⫹C⫹M→C2 ⫹M.

FIG. 8. Temporal variation of the total numbers of 共a兲 C2 and 共b兲 C3 contained in the plume.

and ambient He gas at low (⭐0.1 Torr) pressures, transport
is principally important in the determination of the C2 and C3
radical densities. Because of the rapid transport, the C2 density in vacuum decreases by a factor of 100 at 4 s after the
irradiation of the YAG laser pulse. In ambient He gas at
pressures higher than 0.5 Torr, hydrodynamic effects such as
the excitation of a shock wave partly influence the density
distributions of C2 and C3 . However, chemical reactions predominantly govern the behaviors of C2 and C3 when the
chamber is filled with ambient He gas. This is because the
transport of the plume is significantly restricted by collision
between ablated particles and He gas. As shown in Figs.
4 –7, C2 and C3 are lost inside of the observation area due to
chemical reactions.
C. Temporal change in the total numbers of C2 and
C3

In order to examine the effect of reactions in the plume
separately, we spatially integrated the density distributions
shown in Figs. 2–7 to evaluate total numbers of C2 and C3
contained in the plume. The integration was carried out only
when the entire volume of the density distribution was located in the observation area. The density distributions measured experimentally in both sides of r⭓0 cm and r⭐0 cm
were averaged. The distribution thus obtained in the (r,z)
plane was integrated under the assumption of the cylindrical
symmetry. The temporal variations of the total numbers of
C2 and C3 radicals are shown in Fig. 8. The magnitudes of
the vertical axes of Figs. 8共a兲 and 8共b兲 are normalized by the

共1兲

The ambient He gas enhances this three-body reaction by
increasing the density of M in two ways; one is the increase
in the density of He and the other is the increase in the local
density of carbon species. The latter effect is obtained by the
fact that the expansion of the plume is restricted in ambient
He gas. The peak in the total number of C2 appeared at t D
⯝8  s in 3 Torr, which was earlier than the peak time of
t D ⯝20  s observed in 1 Torr. This result is reasonable since
reaction 共1兲 is more efficient in ambient gas at a higher pressure. On the other hand, the total number of C2 observed in
5 Torr was smaller than those in 1 and 3 Torr. However, the
smaller number of C2 in 5 Torr may not indicate the less
efficient production of C2 . The production of C2 is probably
efficient in 5 Torr, but the loss of C2 may also be significant.
The loss of C2 means the production of heavier carbon species Cn with n⭓3. The constant number of C2 observed at
t D ⫽7⫺60  s in 5 Torr may be attributed to the balance
between the production and the loss of C2 . In the decreasing
period of the total number, C2 is consumed by the production
of heavier carbon species.
As shown in Fig. 8共b兲, the enhancement in the total number of C3 in ambient He gas was more significant than that of
C2 . The quenching of the LIF emission due to collision with
He is corrected in Fig. 8共b兲. In ambient He gas at 1 Torr, the
total number of C3 was 4.5 times bigger than that in vacuum.
The increasing period of the total number of C3 corresponded to the decreasing period of the total number of C2 .
These results suggest the gas-phase production of C3 due to
a reaction,
C2 ⫹C⫹M→C3 ⫹M.

共2兲

This three-body reaction becomes more efficient in ambient
He gas at a higher pressure. The production of C3 from C2 is
supported by the fact that the increasing area of C3 corresponds to the decreasing area of C2 as shown in Figs. 4 –7.
The total numbers of C3 observed in 3 and 5 Torr were
smaller than that in 1 Torr, which may be due to the significant loss of C3 to produce heavier carbon species.
D. Main sources of C2 and C3

According to the discussion described above, the main
sources of C2 and C3 are identified as follows. It is generally
understood that gas-phase productions of C2 and C3 due to
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reactions 共1兲 and 共2兲 are negligible in vacuum and a low gas
pressure. Therefore the main sources of C2 and C3 in the
low-pressure (⬍0.1 Torr) condition are the graphite target.
In ambient He gas at a pressure higher than 0.5 Torr, the
three-body reactions 共1兲 and 共2兲 become efficient. However,
since the increase in the total number of C2 is approximately
60% at the maximum as shown in Fig. 8共a兲, the graphite
target plays the principal role as the source of C2 even in
ambient He gas at a high pressure. This means that C2 is a
major species ejected from the graphite target by laser ablation. On the other hand, since the increase in the total number of C3 by a factor of 4.5 is observed in ambient He gas,
the predominant source of C3 is not the target but the gas
phase. The gas-phase production of C3 in ambient He gas
dominates the direct ejection from the graphite target.
E. A scenario for the temporal evolution of carbon
clusters

The temporal variations of the total numbers of C2 and
C3 give us a rough scenario for the evolution of carbon clusters in a plume produced by laser ablation of a graphite target
in ambient He gas. At t D ⭐5  s, the plume moves from the
irradiation point of the YAG laser pulse. The speed of the
plume is decelerated by collision with ambient He gas, and
the movement of the plume almost stops at t D ⯝5  s. During
the movement and the expansion of the plume, a shock wave
is excited. After t D ⯝5  s, the dynamics of the plume is
governed by chemical reactions. At 5⭐t D ⭐10  s, C2 radicals are produced by reaction 共1兲, which is the first step of
the cluster formation. The production of C3 radicals by reaction 共2兲 follows the production of C2 at 10⭐t D ⭐200  s. In
this period, the total number of C2 decreases. At t D
⭓200  s, the total numbers of C2 and C3 decrease, which
may correspond to the formation of heavier clusters by reactions such as C2 ⫹Cm ⫹M→Cm⫹2 ⫹M, C3 ⫹Cn ⫹M→Cn⫹3
⫹M, and Cm ⫹Cn ⫹M→Cm⫹n ⫹M. As described in a previous paper,14 we have carried out the detection of heavy carbon clusters in the plume using a laser photoionization technique. As a result, we have observed the increase in the
cluster signal at 0.1⭐t D ⭐4 ms. Therefore the speculation

4039

from the present experimental results that heavy clusters are
mainly formed at t D ⭓200  s is consistent with the previous
photoionization diagnostics of the plume. It is noted that the
time scale described here is probably dependent on experimental conditions. For example, if the pressure of ambient
gas is higher, the size of the plume may be smaller due to the
confinement effect of the ambient gas, which may result in
the faster growth of clusters. An important point shown by
the present work is the sequential growth of clusters.
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