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Abstract. Time evolution of emission by carbon nanoparticles generated with a laser furnace technique was
investigated with a high-speed video camera. Assuming blackbody radiation formula for small spherical
particle, the internal temperature of these carbon nanoparticles was determined as a function of time delay
(At) after laser vaporization. It was found that the internal temperature of them drastically decreased at
At < 400 ps through collision with the surrounding rare gas inside the furnace. On the other hand,
in particular laser vaporization condition where yields of Csp and other higher fullerenes in the soot were
found to be high, an increase in the blackbody emission intensity could be recognized for longer wavelength
(660 < A < 830 nm) at At > 400 ps. This finding suggests that a certain exothermic process related to
the formation of Cgp and other higher fullerenes should occur at At > 400 us inside the furnace.

PACS. 36.40.-c Atomic and molecular clusters

1 Introduction

After the discovery to produce Cgg and other fullerenes
in preparative amounts [1], the formation mechanism of
them has been extensively discussed. However, up to now
no clear image has emerged. To attack this problem exper-
imentally, we applied the laser furnace technique, which
was first introduced by Smalley and others for the produc-
tion of endohedral fullerenes and single wall carbon nan-
otubes [2]. Compared to the arc technique, the laser fur-
nace method allows better control of the key parameters
such as ambient temperature of the furnace, laser fluence,
buffer gas pressure etc. By the laser furnace technique, one
can find that the yield of Cgp and other large fullerenes
increases if the temperature of the furnace, i.e. the buffer
gas temperature is increased. In particular, Wakabayashi
et al. reported that the furnace temperature does not only
determine the yield of Cgo and larger fullerenes but also
strongly influences the relative yields of different confor-
mational isomers of larger fullerenes [3].

It is well known that carbon nanoparticles generated
by laser vaporization of a graphite rod are initially rather
hot. The particle emission spectra can be interpreted as
black-body emissions [4-10]. In this paper we study the
time evolution of the emission spectra under several dif-
ferent source conditions in order to obtain information on
the internal temperature of the carbon nanoparticles and
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to gain insight into the conditions under which fullerene
formation takes place.

2 Experimental

We measured the emission from the plume of carbon fine
particles from the surface of a graphite rod (6 mm in di-
ameter) as a function of the delay after the vaporization
laser was fired. We used the 2nd harmonic of a Nd:YAG
laser (600 mJ/cm?, 10 Hz) and recorded the emission con-
tinuously using a high-speed video camera (KODAK EK-
TAPRO H4540) with 25 us time window. Throughout the
experiment argon buffer gas (200 torr) did flow very slowly
(ca. 10 ml/min) through the quartz tube surrounded by
an electric furnace. The emission images were recorded
using several band pass filters (AX = 10 nm) at 435.8,
488.0, 514.5, 546.8, 632.8, 660.0, 694.3, 720.0, 760.0, and
830.0 nm, respectively. The emission intensity of the en-
tire cloud of carbon nanoparticles at each wavelength and
time delay was investigated and the emission spectrum as
a function of delay time was obtained.

Since the continuous emission can be described by
the black-body radiation of small (radius <« wavelength)
spherical particles exhibiting a 1/A emissivity and disre-
garding the contribution of Cy line-emission (Swan band),
an effective internal temperature of the carbon nanopar-
ticles could be derived [4,6]. Only data for At > 200 us
were used for further analysis, because fitting could be
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Fig. 1. Time and spatial evolution of emission by the plume
of carbon nanoparticles immediately after laser irradiation of
a graphite rod (each image covers an area of 28 mm X 16 mm).

achieved only for At > 200 ps. By this procedure we ob-
tained the internal temperature of particles as a function
of the delay time after laser vaporization, Measurements
at different ambient temperature of the furnace (550 °C,
700 °C, 1000 °C, and 1150 °C) were carried out because
it is well known that the yield of Cgp and other higher
fullerenes is drastically increasing with the temperature
of the buffer gas.

3 Results and discussion

Figure 1 shows high-speed video camera images of the time
and spatial evolution of the carbon nanoparticle emission
after laser evaporation, obtained at several different am-
bient temperatures [8]. Please notice that the intensity of
emitting particles is very sensitive to the ambient temper-
ature inside the furnace. The insert in Fig. 1 shows the
result of a separate measurement, namely the yield of in
the recovered soot vs. ambient buffer gas temperature. As
can be recognized, the Cgg yield increases as the ambient
temperature increases up to 1100 °C with a threshold at
around 500 °C. Remarkably, the observed emission decays
with a clearly longer lifetime under the same conditions
under which Cg is produced in high yields [8].

Figure 2 shows typical emission spectra of carbon
nano-particles ejected from the surface of a graphite rod
at the time delay (At) of 200 us, 375 us, and 1000 us af-
ter laser vaporization, respectively. The recording of the
emission of these carbon nanoparticles was carried out
at 1150 °C furnace temperature, and at a laser fluence
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Fig. 2. Typical emission profiles of carbon nanoparticles
ejected from the surface of graphite rod at At = 200 us, 375 us,
and 1 ms, respectively. The ambient gas temperature is kept
at 1150 °C.

of 600 mJ/cm?, where the yield of Cgy was found to be
high [9]. As outlined in the previous section, the emis-
sion intensity at each wavelength was obtained by accu-
mulating the emission of the carbon nanoparticle cloud as
a whole. Curves shown in Fig. 2 display the best fits for
the wavelength distribution assuming blackbody radiation
formula modified for the emissivity of small spherical par-
ticles [6]. Data obtained for 514.5 nm and 546.8 nm at
100 ps and 375 ps delay were omitted in the fitting, be-
cause the emission by Cy Swan band (d:311, — a:3I1,)
overlaps heavily with the blackbody emission of carbon
nanoparticles. Actually no Cs emission was observed af-
ter At > 500 us. Fig. 1 clearly demonstrates that the fit
well reproduces the obtained emission profile, supporting
that this blackbody emission comes from carbon nanopar-
ticles ejected from the surface of the graphite rod immedi-
ately after laser vaporization. This figure also shows that
the internal temperature of carbon fine particles becomes
highest (5200 K) in the early stage (At = 200 us), then
decreases to the about 3500 K at At = 375 us, and finally
decreases down to 2000 K at At = 1000 us.

Figure 3 shows a summary of the change of the de-
rived internal temperature of carbon nanoparticles as a
function of time delay after laser vaporization. In this fig-
ure, results obtained at different ambient temperatures of
the furnace (1150 °C, 1000 °C, 700 °C and 550 °C, respec-
tively) are also included. Other physical parameters were
kept constant throughout the experiment. It can be seen
that the internal temperature of the carbon nanoparticles
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Fig. 3. Summary of the change of the internal temperature
of carbon nanoparticles with delay after laser vaporization.
each data was obtained at the indicated furnace temperature
(1150 °C, 1000 °C, 700 °C, and 550 °C, respectively).

rapidly decreases at At < 400 ps, where the decay of the
internal temperature does not seem to be so sensitive to
the ambient furnace, i.e. buffer gas temperature. However,
after At > 400 ps, the decreasing tendency of the internal
temperature is influenced by the buffer gas temperature.
Particularly, when the furnace is set 1150 °C, where the
yield of Cgp was found to reach a maximum, the internal
temperature decreases most slowly, and the total emission
intensity itself is found to last rather long, i.e. for more
than a few milliseconds (see Fig. 1).

To gain insight into the cooling of carbon nanoparti-
cles, we refer to the work of Mitzner et al. [5], who consid-
ered several different kinds of cooling mechanisms for laser
desorbed Cgo in vacuum. According to the discussion of
these authors, Co-losses or other fragmentation processes
are the main cooling mechanism for Cgg at 7" > 2400 K
in vacuum. However, the cooling rate (d7'/dt) by this pro-
cesses strongly depends on the absolute value of the tem-
perature T through the term exp(—FEy/kpgT), where Ey
denotes the apparent excitation energy for dissociation.
By using such an expression, we could not reasonably fit
our T'— At cooling curves shown in Fig. 3. Radiative cool-
ing mechanism, for which the cooling rate (dT'/dt) is pro-
portional to T, was also considered, but it could not re-
produce our obtained T'— At curves either. In the present
investigation, also the heat transfer from carbon fine par-
ticles to the ambient argon gas has to be considered. For
this process, the cooling rate (d7'/dt), it can be expressed
by the following equation,

dT/dt = —C(T — T,
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Fig. 4. Temperature-time (7' — At) curves based on the for-
mula dT'/dt = —C(T — Te) obtained with different ambient
temperature Te.

where T, denotes the ambient buffer gas temperature
given by the electric furnace, and C represents a con-
stant which depends on the thermal diffusion between gas
and particle, and also on the heat capacity and size of
the carbon fine particles [11]. Fig. 4 shows the T — At
curves obtained by this equation setting C' &~ 5000(s™1).
At At < 400 ps, the cooling rate does not depend very
much on the ambient temperature of the furnace. This be-
havior well corresponds to T'— At curves shown in Fig. 3.
However, Fig. 4 also indicates that at At > 400 pus the
temperature should drop faster as compared to the cool-
ing curve shown in Fig. 3. The internal temperatures of
carbon nanoparticles do not seem to converge sufficiently
fast to the values of the ambient temperature. This sug-
gests that an additional process sets in at At > 400 pus
which delays the cooling of carbon nanoparticles.

The anomalies in the cooling of the nanoparticles can
also be derived from our raw emission data. Fig. 5 shows
the change in the emission intensity of carbon nanopar-
ticles obtained using a band pass filter of 694.3 nm as a
function of delay time. When the furnace temperature is
set 1150 °C, it can be clearly seen that the emission in-
tensity at this wavelength increases during 400 us < At <
800 us, then gradually decreases thereafter. Similar in-
creasing tendency was recognized for longer wavelength
(632.8, 660.0, 720.0, 760.0, and 830.0 nm). However, when
the ambient temperature of the furnace is set to 1000 °C
or below, this increasing tendency becomes weak, and at
550 °C or below there is almost no indication of such an
increasing tendency.

It is important to note that this increasing tendency in
the emission of carbon nanoparticles at longer wavelength
can only be recognized when the furnace temperature is
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Fig. 5. Change in the emission intensity of carbon nanoparti-
cles obtained with a bandpass filter at 694.3 nm. Each set of
data was obtained at different ambient temperature (1150 °C,
1000 °C, 700 °C, and 300 °C, respectively).

kept high where also the yield of Cgy or larger fullerenes
is known to become high [9]. Since the blackbody radia-
tion formula itself assures that the emission intensity at a
certain wavelength monotonously increases with the tem-
perature of the emitter (provided the total volume of all
emitting particles remains the same), it is natural to think
that a certain new source of blackbody radiation emerges
at At > 400 ps.

As a most probable candidate, this new source of
blackbody radiation comes from the newly formed carbon
clusters at At > 400 us by association of small carbon
species, those of which can not give blackbody radiation
by themselves. During the course of formation of these
new clusters, exothermic processes would occur e.g. by the
formation of C-C bonds. These processes are considered
to be the heat source of blackbody radiation observed at
400 ps < At < 1000 ps. It is interesting to point out that
this exothermic process seems to be strongly correlated
with the formation of Cgy and other higher fullerenes,
since only under the condition where Cgq yields are high,
this particular radiation appears and lasts as long as
At > 400 ps. As an alternative explanation, the emitting
nanoparticles may possess internal energy, which is
released as an additional blackbody emission and delays
the cooling. However, in this case, it is highly likely that
the internal temperature of carbon nanoparticles will
increase at At > 400 us in order to give more blackbody
emission intensity without changing the number of emit-
ting particles. Fig. 3 shows that the internal temperature
does not increase at At > 400 ps. This picture is also con-
sistent with a recent study by Kasuya et al. [9] suggesting
that the key reaction for fullerene formation takes place in
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the reaction zone which lies about 20 mm far from the sur-
face of the target rod. The position of this reaction zone
is about the same location where in the present investiga-
tion the thermal emission of the nanoparticles lasts rather
long, in the range of 400 us < At < 800 us.

In summary, at 200 us < At < 400 us, all of the ob-
served blackbody radiation comes from carbon nanopar-
ticles generated by laser vaporization of graphite rod. It
is also considered that there exist small carbon clusters,
which can not give blackbody emission by themselves. Af-
ter At > 400 ps, these small carbon clusters are used for
the formation of Cgp and other higher fullerene species
under appropriate experimental condition. In this case
new blackbody emission appears as an result of exother-
mic process required for fullerene formation, at the lo-
cation about 20 mm far from the target within that
time scale. Such an exothermic process diminishes after
At > 1000 ps, and thereafter only aggregation of car-
bon nanoparticles is possible, which does not include an
exothermic process.
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