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Abstract

C2 Swan band emission ðd3pg ! a3puÞ near 517 nm is observed in a solar reactor for fullerene synthesis. On the basis
of theoretical considerations and experimentals in the temperature range 3000–3400 K evidence is presented supporting

the formation of excited C2 by absorption of solar photons. This phenomenon that we propose to name: solar-induced

fluorescence (SIF) is described for the first time. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Three high temperature methods can produce
fullerenes and single-wall nanotubes (SWNTs);
there are namely the laser ablation, the electric arc
and the solar methods. Laser-generated vapors
produced fullerenes for the first time in 1985 [1].
Then Kr€uutschmer et al. [2] succeeded in producing
milligram amounts of fullerenes by the arc method
(resistive heating of graphite in an helium atmo-
sphere). The solar method was developed at the
same time (1993) in USA [3,4] in France [5], and
we successfully proposed an extrapolation method,
which permitted, at a first step, to produce 1 g/h
fullerene by solar energy [6]. Next, we have ex-
tended the solar method to the synthesis of
SWNTs [7]. Whatever the method, the under-
standing of formation mechanisms involves two

basic questions: What are the precursors of the
molecules (C60) or the material (SWNTs)? And
what is the temperature history of the species that
favours the product growth?
The detection of species (atoms, molecules, ions

and clusters) produced by laser ablation has re-
ceived a great attention from many researches [8–
10] (and permits fullerene discovery). They used
generally photoionization/mass spectroscopy, op-
tical emission spectroscopy (OES) and laser-in-
duced fluorescence (LIF). More recently, Lange et
al. [11] and Arepalli et al. [12] used OES and LIF
in order to determine temperatures in fullerene and
nanotubes arc plasma and pulsed laser reactors,
respectively. In any case, C2 radical is detected and
may be used as a temperature probe. For that
purpose, emission of the Swan band (d3pg; m0 ¼
0! a3pu; m00 ¼ 0) in the wavelengths range 436–
668 nm permits to define a rotational temperature
of the gas. We performed OES measurements of
C2 emission using our solar reactor and, surpris-
ingly, we observed intense rotational band in the
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target temperature range 3000–3500 K. This ob-
servation addresses another question: What is the
excitation mechanism of C2 in the solar reactor?
Excitation mechanisms of C2 causing Swan

band emission are discussed in [8,10,12,13], for
example. They can be classification in five pro-
cesses: (1) direct excitation by electron collisions;
(2) low-energy electron collisions with Cn cations
(nP 2) and neutrals (n > 2) followed by dissocia-
tion; (3) heavy-body collisions of the second kind
such as Penning collisions with atomic or molec-
ular metastable states; (4) recombination mecha-
nisms: slow electron processes: electron-molecule
dissociative attachment, electron–ion and ion–ion
recombination; or chimiluminescence (recombina-
tion of carbon atoms); (5) photon processes:

photodissociation of carbon clusters or fluores-
cence of C2. Among these excitation mechanisms
we show in this paper that solar-induced fluores-
cence of C2 is the most probable. From our
knowledge, this phenomenon is reported for the
first time.

2. Experimental

A schematic of the experimental system is given
in Fig. 1. It was previously described in [14]. Two
main subsystems can be considered: (1) the reactor
and the solar concentrator, (2) the measurement
equipments composed of a pyrometer and an op-
tical emission spectrometer.

Fig. 1. Experimental apparatus. The reactor (top left), the pyrometer assembly (top right), the OES system (bottom right) and the

target position with respect to the solar furnace focus during experiment 1 (bottom left).
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2.1. Reactor and solar concentrator

The vaporization of the graphite target was
performed in spherical transparent vessel (pyrex),
which permitted the target heating by concen-
trated solar energy and the control of reacting
atmosphere composition and pressure. The base of
the reactor was a water-cooled brass stand part
equipped with a cellulose filter for soot collection.
The filter was connected to a copper tube chan-
nelling the argon–soot mixture from the vapor-
ization zone. The upper part of the tube was made
of graphite due to high temperature in the hot
zone. The target, a 7.7 mm o.d. and 7.7 mm by
graphite rod was inserted in the graphite tube (10.5
mm i.d.). A stainless steel tube located near the
target allowed the buffer gas (argon) injection.
Then it flowed through the empty space between
the target and the graphite tube, pumped by the
circulation equipment composed of a vacuum
pump and a pressure regulator.
The graphite target was heated by concentrated

solar energy delivered by a vertical axis 2 kW-solar
furnace (a parabolic reflector concentrating the
solar beams reflected a flat mirror tracking the
sun). The flux density distribution at the focus of
the solar furnace was gaussian with a peak at
about 1600 W=cm2 ð16 MW=m2Þ. Moving the
target surface vertically along the z-axis (furnace
axis) resulted in a drastic decrease of the peak flux
density because of the wide optical aperture of the
parabola (120�). The peak flux density was varied
slightly near the focus: about 5% decrease for a
�2 mm vertical movement but it decreases rapidly
for larger displacement: about 2 MW=m

2
decrease

per mm for jzj > 3 mm.

2.2. Measurement equipments

We measured the target surface temperature
with an IR pyrometer and the emission of the
evaporation plume by OES (see Fig. 1).
The optics of the pyrometer (Heymann appa-

ratus) sighted the target surface through a CaF2
window thanks to a silver mirror placed on the
axis of the reactor (axis of the parabola). We made
monochromatic measurement at k ¼ 2:7 lm. At
this wavelength the contribution of reflected solar

energy may be neglected because it corresponds to
the centre of an OH absorption band. Neverthe-
less, the target spectral emissivity (ek) is needed to
define the true surface temperature. Neuer [15]
showed that ek decreases with wavelength and in-
creases with temperature. In the temperature range
3000–3500 K we assumed ek ¼ 0:95 ðk ¼ 2:7 lmÞ.
Five percent uncertainty on ek ðek ¼ 0:95� 0:05Þ
corresponds to �100 K at this temperature level.
The optical emission spectrometry set up is

schemed in Fig. 1. An optical port (not shown in
Fig. 1) allowed sighting the vaporization plume
above the target perpendicularly to the parabola
axis (tangentially to the target surface). A lens
(focal distance 300 mm) made the plume image at
one end of a fibre optic mounted on a z–r dis-
placement device. The other end of the 100 lm core
diameter fibre optic was connected to the mono-
chromator. Since the magnification of the optics
was unity; the spatial resolution of the measure-
ment was 100 lm. The monochromator (Jobin
Yvon Triax 320) was equipped with three diffrac-
tion gratings: 300, 1200 and 1800 lines/mm. We
have used the medium grating with a 50 lm inlet
slot. The detector was the CCD matrix (1024� 128
pixels) of a multichannel optical analyser (MOA).
The spectral width of each photodiode was about
0.1 nm and the spectral domain extent was 70 nm
centred at the selected wavelength.

3. Results

We have performed experiments with argon as
buffer gas in the pressure and the gas flow rate
ranges 70–400 hPa and 0.1–1 Nm3=h, respectively,
with target made of either graphite rods or com-
pressed graphite powder pellets. Measured surface
temperature was ranging from 3000 to 3500 K and
3000 to 3700 K for rod and compressed powder,
respectively. The corresponding vaporization rate
was 0.4–40 g s	1 m	2. We have observed a va-
porization plume in the whole range of pressure,
but it was more stable at low pressure and low gas
flow rate than at pressure of some hundreds hPa
due to convective instability in this latter case. The
Swan band emission was very intense close to the
target surface at temperatures as low as 3000 K. It
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can be used to measure the rotational temperature
of C2 [16] down to 2300 K at distances up to 1.6
mm from the surface. Surprisingly it remains very
clearly observable at distances from the surface up
to 2.5 mm where the gas temperature is expected to
be at about 2100 K from simulation [14]. We as-
sumed that SIF of C2 might be the cause of this
observation involving an absorption process sim-
ilarly to LIF. In order to check this assumption,
we have performed both a quantitative theoretical
estimation of C2 emission contributions and an
experimental validation.

3.1. Quantification of the emission

The idea that fluorescence induced by solar
photons is the main mechanism of C2 emission is
supported by the following considerations. Let us
consider that the levels population density follow a
Boltzman statistic, the line thermal emission in-
tensity at k for a given sampled volume V and the
transition 2! 1 is

Lk ¼
X
4p

V
hc
k

N0ðT Þ
QðT Þ g2A21 exp

�
	 E2
kT

�
; ð1Þ

where X is the insight solid angle, N0 is the fun-
damental level population density, QðT Þ is the
partition function of the considered species and g2
and E2 are the degeneracy and the energy level of
the upper emission level, respectively. The other
symbols have their usual significance.
For this same volume, the fluorescence intensity

is given by [17]

Fk ¼
X
4p

V
k4

8pc
N0ðT Þ
QðT Þ g2A21IkU21; ð2Þ

where Ik is the solar spectral irradiance.
In Eq. (2), the classical relation between ab-

sorption (B12) and emission (A21) Einstein coeffi-
cients is used in order to exhibit the ratio between
fluorescence and thermal emission

Fk

Lk
¼ k5

hc2
IkU21
8p

exp
E2
kT

� �
: ð3Þ

The term U21 ¼ A21=ðA21 þ Q21Þ is the fluorescence
efficiency where Q21 represents the collisional
quenching rate for the excited state.

To the best of our knowledge there is no mea-
sured data about the quenching rate of C2 d

3Pg by
argon. Nevertheless, argon belongs to a class of
species that have a negligible quenching cross
section according to the attractive force model of
Paul [18], i.e., less than 10	21 m2 as for OH A2Rþ

or NO A2Rþ [19]. Assuming the same value for the
quenching cross section of C2 d

3Pg by argon, this
would lead to a quenching rate less than
4� 105 s	1 for our conditions. The emission co-
efficient being about 8:3� 106 s	1 for the C2 ob-
served transition, it comes that U21 is close to
unity. On this basis, Table 1 lists the values of the
ratio Fk=Lk as a function of the distance z from the
focal plane. The related gas temperature is ob-
tained from the numerical simulation proposed in
[14]. This estimation takes into account the spatial
decrease of the solar irradiance.
The data in Table 1 show that, in our condi-

tions, the C2 radiation could result mainly from
fluorescence due to the irradiation of the vapors by
the solar concentrated beam because, whatever the
position, the ration between fluorescence and
thermal emission is always larger than 3 and can
reach more than 100 at low temperature.

3.2. Experimental validation

If C2 fluorescence induced by concentrated so-
lar energy is the main cause of intense Swan band
emission; thus the phenomena must be more in-
tense near the focal plane than some millimetres
from the focus because the solar flux density de-
creases in these zones (above and underneath the
focal plane). For that reason we have performed
OES measurements for the three positions of the

Table 1

Temperature dependence of the ratio between fluorescence and

thermal emission of C2

z (mm) T (K) Ik (1013 W/m2 m) Fk=Lk

0 3300 2.15 3

0.5 3080 2.11 6

1 2840 2.08 13

1.5 2600 2.04 32

2 2400 2 80

2.5 2100 1.97 440
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target surface schemed in Fig. 1. Positions (a)–(c)
were situated 3 mm underneath the focal
plane ðzs ¼ 	3 mmÞ, 1 mm above the focal plane
ðzs ¼ þ1 mmÞ and 3 mm above the focal plane
ðzs ¼ þ3 mmÞ, respectively. The equilibrium tem-
perature of the target surface (Ts) was the same at
position (a) and position (c) because they were
symmetrical with respect to the focal plane. It was
measured Ts ¼ 3000 K. Consequently, the vapor-
ization rate was the same because, at a given
pressure (70 hPa for this experiment), it is a
function only of temperature; this means that
carbon species density was the same at equilib-
rium.
Table 2 presents the experimental results ob-

tained for different positions of the target surface
with respect to the focal plane (zs). The surface
temperature (Ts) was measured as well as the peak
intensity (I) of the (0, 0) band head at a distance zsv
from the focal plane. From the C2 Swan band
emission, collected in the sampled volume, we have
determined the rotational temperature [16], which
is assumed to be the gas temperature (Tg). Finally,
N is the C2 number density assuming LTE.
The measured emission spectra 0.5 mm above

the surface (location zsv) when the target is at po-
sitions (a) and (c) are plotted in Fig. 2. This plot
clearly shows that C2 emission is very intense when
the target is at position (a) and, by contrast,
emission is weakly detected when the target is at
position (c). Consequently, at this latter position
the gas temperature measurement was impossible.
These results show that the vapors cooled differ-
ently according to the surface position with respect
to the focal plane. Obviously, there is a noticeable
interaction between the vapors and the solar beam
whatever the position. On that account the varia-
tion of DT (difference between the surface tem-
perature and the gas temperature) observed as a
function of surface position can probably be ex-

plained by the variation of solar irradiation. Below
the focal plane (position (a)) the irradiation in-
creases from the target to the focal plane, and the
gas can absorb more and more energy from the
solar beam as z increases. This process slows down
the gas temperature decrease. On the contrary,
when the surface is above the focal plane (posi-
tions (b) and (c)) the solar irradiation decreases
with the distance z and, consequently, the gas
temperature decreases more rapidly because the
medium absorbs less and less solar radiation.
These considerations can explain why DT is higher
at position (c) than at position (a) despite the
distance from the surface is the same. Elsewhere,
condensation of the vapors can occur leading to a
dilute dusty medium. Under the assumption of
thermodynamic equilibrium between the vapor
species and the particles resulting from the con-
densation, one can calculate a number density, N,
of C2 species (Table 2) from the measured tem-
perature Tg. The same temperature difference, DT ,
is assumed for the positions (b) and (c) in order to
estimate the density of species at (c), although it is

Fig. 2. Emission spectrum of C2 in argon (P ¼ 70 hPa) at po-
sition (a) and (c) – see Fig. 1 – for the same graphite target

surface temperature (3000 K).

Table 2

Experimental results for solar-vaporized graphite target

Level zs (mm) Ts (K) zsv (mm) I (ua) Tg (K) DT ¼ Ts 	 Tg N ð1017 m	3Þ

a )3 3000 )2.5 4700 2850 150 115

b 1 3300 1.5 10 400 2950 350 360

c 3 3000 3.5 150 > 350 < 9
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probably higher for this position due to a lower
irradiation.
Generally speaking the fluorescence intensity is

proportional to the species density (N) and the
spectral irradiation (Ik) as shown in Eq. (2). In this
regard, the C2 emission intensity must be higher at
position (a) than at position (c) because both pa-
rameters N and Ik are larger in (a) than in (c).
According to the data listed in Table 2, the value
of the ratio between C2 emission peak intensity
related to (a) and (c) is theoretically 15 and the
measured value is about 30, which is a satisfactory
agreement.
Let us now compare the C2 emission for posi-

tions (a) and (b). The solar flux density was about
the maximum at position (b); consequently the
surface temperature was 3300 K, 300 K higher
than at (a). The corresponding variation of the
band head intensities versus the distance from
the surface (z direction) are plotted in Fig. 3. Near
the surface ðo6 z6 1 mmÞ, the emission related to
position (b) was more intense than the emission
related to position (a) because the density of C2
was higher in a vaporization plume from a
graphite surface at 3300 K than from a surface at
3000 K and the solar irradiation was similar
(Tables 1 and 2). But, for z longer than 1 mm
(z > 1 mm) the reverse situation was observed
even if the carbon species density was probably
larger at (b) than at (a) as shown in Table 2. This
result is again in agreement with our hypothesis.

At position (b) carbon vapors were irradiated by
decreasing solar irradiation for z > 1 mm. On the
contrary, at position (a), increasing values of z
corresponded to increasing values of the solar ir-
radiation. Consequently, the emission was more
intense in the latter case than in the former even if
the C2 density was smaller. Since the concentration
of carbon species decreased with z in the mass
transfer boundary layer, the C2 emission vanished
far from the graphite surface ðzP 2:5 mmÞ.
In addition, Table 2, Eqs. (1) and (2) permit to

calculate the emission ratio (R) between position
(a) and position (b) for a pure thermal process (RT)
and pure fluorescence (RF). It comes:
• Thermal emission: RT ¼ 4:4;
• Fluorescence: RF ¼ 2:8;
• Measurement: R ¼ 2:2.
Fluorescence-dominated C2 emission is again
supported by this comparison.

4. Discussion

From previous results we can eliminate all
mechanisms leading to the formation of C2 mole-
cule excited states via dissociative or recombina-
tion processes. Otherwise, we must have measured
the same emission intensity, at given temperature
and pressure whatever the configuration. The
Swan band emission from our system can originate
from direct excitation of C2 molecules by thermal
agitation and photons absorption. Obviously both
mechanisms happen at the same time but we claim
that the latter is dominant.
First, slow diffusion-controlled vaporization of

graphite occurs during our experiments with a
mass transfer diffusion layer of about a 3 mm
thickness (P ¼ 70 hPa) [14]. Under these condi-
tions vapor pressure and composition can be pre-
dicted by thermodynamics [20]. JANAF data [21]
gives C3, C and C2 as dominant species in the
vapor at equilibrium in the temperature range
3000–3500 K. But C2 formation is kinetically more
favourable near 3000 K as shown in [22]. More-
over, Ebbesen et al. [23] argue that C60 is probably
formed from atomic carbon (which is in equilib-
rium with C2 and C3 as discussed previously). On
the contrary, pulse-laser ablation method gives rise

Fig. 3. Intensity of the C2 band head as a function of the dis-

tance from the target surface at positions (a) and (b) – see Fig. 1

– pressure 70 hPa, argon flow rate 0.2 m3/h.
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to a large amount of clusters and excited C2 can be
ejected from fragmented fullerenes. But, in these
processes the laser intensity is about 120 MW=cm

2

[8,12,13]. With such high light intensity the C60
photo fragmentation, which requires more than 13
eV [9,13], can be achieved in the visible range of
radiation, by multi-photon absorption process
[13]. In our experiments the intensity of the solar
concentrated beam is five orders of magnitude less
and, consequently, a multi-photon absorption is
an improbable process. In addition, due to the
spectral distribution of the solar radiation and the
optical properties of the concentrating system (UV
absorption by glass), the energy of the available
photons ranges practically from 2 to 3.5 eV and
they are then unable to dissociate any carbon
species. All these points support our assumption
about the vapour composition dominated by car-
bon atom and small carbon molecules near the
target.
Second, looking at the spectral distribution of

solar energy at the ground level C2 excitation is
evidenced by the maximum intensity of solar en-
ergy in the wavelength range 0.5–0.6 lm. This
means that the maximum of irradiance is available
from the sun in a broad spectral range of radia-
tions able to excite simultaneously from the
ground level all the rotational levels of the
C2 d

3Pg state by single photon absorption pro-
cesses.
Finally, we have derived carbon vapor temper-

ature from Swan band emission data using a
simplified method described in [16]. Typical results
are shown in Fig. 4. Experimental data are
compared with numerical simulation [14]. A sat-
isfactory agreement is observed. Moreover, ex-
trapolated gas temperatures at z ¼ 0 and measured
target temperature are also in agreement: the py-
rometer measured a surface temperature of 3300
K. These data support the assumption of local
thermodynamic equilibrium in the boundary layer.
One can observe that there is a slight difference
between the gas temperature listed in Table 2
(position (b), Tg ¼ 2950 K) and the gas tempera-
ture shown in Fig. 4 (Tg ¼ 3100 K) for the same
target temperature (3300 K) and the same mea-
surement position (0.5 mm above the surface).
This 150 K-temperature difference illustrates the

measurement uncertainty because these data are
related to two different sets of experiments. We
estimate the uncertainty to be �200 K and
�0:05 mm for the temperature and the measure-
ment position respectively. The previous difference
is consistent with these uncertainty ranges and it
does not modify the conclusion obtained from
Table 2.

5. Conclusion

Similarly to LIF we demonstrate the occurrence
of SIF of C2 in a high concentration solar system
(concentration ratio of about 16 000). This phe-
nomenon is described for the first time and can be
used for diagnostic. Works are in progress to de-
fine more precisely the condition of appearance of
SIF and it possible influence on reaction pro-
cesses.
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