
Abstract. The possibility of using intracavity laser spectro-
scopy for studying the formation of carbon and metallocarbon
fullerene molecular clusters synthesised in light-erosion
heterogeneous plasma is analysed. The condensation of the
emission spectrum of a tunable laser was used as an indicator
of formation of a fullerene mass in the plasma.
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The effect of so-called spectral condensation (SC) was
observed [1 ë 5] in the studies of absorption spectra of alkali
metal vapours by the method of intracavity laser spectro-
scopy. This effect is manifested in an anomalous spectral
ampliécation of emission from a tunable laser in the region
of absorption lines of objects under study. The properties of
SC caused by the presence of excited and ionised rare-earth
metal atoms in the heterogeneous plasma were investigated
in Refs [6 ë 9].

In Ref. [10], this effect was observed for the érst time in
the presence of fullerene C60 in an electric arc êame. It was
also found in [10] that the character of the appearance of
condensation lines upon additions of impurities of C60 and
cerium (or of other rare-earth metals) to the plasma was
similar. This suggests that the fullerene or metallofullerene
clusters produced in the electric-arc discharge plasma favour
the appearance of SC. Therefore, it seems that the SC effect
can be used for a quick qualitative monitoring of the
formation of fullerenes, i.e., the features of SC can reêect
to some extent the eféciency of the fullerene-mass formation
(fullerenes and metallofullerene nanotubes) in a heteroge-
neous plasma.

Fullerenes are mainly produced by synthesis in the
heterogeneous plasma of a high-current electric discharge
or in a light-erosion torch appearing upon irradiation of a
target by laser radiation. The parameters of a light-erosion
plasma (concentrations of electrons and ions, their temper-
atures, etc.) vary in a broad range, which makes it possible
to monitor the dynamics of the main stages and features of
the development of SC during the existence of a plasma
torch, which is the aim of this work.

This paper presents the results of the study of the
appearance, development, and reproduction of SC in a
tunable laser with an intracavity light-erosion torch. A
heterogeneous plasma was produced by irradiating targets
made of pure carbon or carbon with additions of cerium by
a neodymium laser operating in repetitively pulsed, quasi-
continuous, and free-running regimes.

A light-erosion plasma torch propagated from a target
perpendicular to the optical axis of the resonator of a
tunable Cr3� : GSGG laser representing a spectrum analyser
with a sensitivity of measuring the absorption coefécient
w4 10ÿ7 cmÿ1. The nonselective resonator of the spectrum
analyser of length up to 50 cm was formed by two broad-
band mirrors with skewed rear faces and reêectivity� 99%
at the lasing wavelength. The Cr3� : GSGG crystal
(16665 mm) placed inside a silver-plated reêector was
excited by a 500-J xenon lamp and generated a `smooth'
pulse with energyE4 50 mJ and duration t4 150 ms.

The neodymium laser had the energyE4 30 J and pulse
duration t4 1 ms in the quasi-continuous and free-running
regimes andE4 14 J and t4 0:8 ms (the energy and pulse
duration were determined by averaging over ten measure-
ments) in the repetitively pulsed regime, which was achieved
by using intracavity LiF : F ÿ2 modulators. In the latter case,
the duration of an individual pulse was varied from 60 to
100 ns, and the distance between the pulses was varied from
10 to 50ms (by using modulators with different optical
densities). The radiation power on the target was increased
by factors of 50 ë 240 by focusing an incident laser beam.
The scheme of the experimental setup is shown in Fig. 1,
and pulses emitted by the neodymium laser in different
operating regimes are displayed in Fig. 2.

To obtain a complete picture of the development of SC,
the method of `temporal sections' [8] was used, which allows

A.N. Kolerov All-Russian Research Institute of Physicotechnical and
Radio Measurements, 141570 Mendeleevo, Moscow oblast', Russia

Received 17 December 2001; revision received 10 April 2002
Kvantovaya Elektronika32 (6) 528 ë 530 (2002)
Translated by M.N. Sapozhnikov

PACSnumbers:52.50.Jm; 42.62.Fi; 78.40.Ri
DOI:10.1070/QE2002v032n06ABEH002236

Effect of intracavity light-erosion plasma
on the output parameters of a tunable laser

A.N. Kolerov

926/219 - K AI ë 16/viii-02 ë SVERKA ë 3 ÒÑÎÑÔ ÍÑÏÒ. å 3
Quantum Electronics 32 (6) 528ë530 (2002) ß2002 Kvantovaya Elektronika and Turpion Ltd

4 8

5

6
2 3

1
1

7

Figure 1. Schemeof the experimental setup: ( 1) cavity mirror; ( 2)
Cr3� : GSGG laser; ( 3) polychromator; ( 4) neodymium laser; ( 5) lens;
( 6) light-erosion torch; ( 7) target; ( 8) generatorof paired pulses.



the detection of the dynamicsof the emissionspectrumof a
Cr3� : GSGG laser during its interaction with a light-
erosion torch at éxed instants of time. The temporal and
energy characteristics of laser pulses and the emission
spectrum of a tunable laser were detected.

The appearance of SC was always accompanied by a
strong changein the shape and duration of pulsesfrom the
tunable laser.This wasearlier observedin Refs [6ë9] in the
form of regular spikes(or a singlespike) of a short duration
of a few nanosecondsor severaltensof nanosecondsemitted
by a Cr3� : GSGG laser. In this case, the laser output
decreasedonly weakly, no more than by an order of
magnitude.Therefore, the peak output power of the tunable
laser increasedby a few orders of magnitude in the caseof
SC.

The emission spectrum of the tunable laser changedin
the presence(or formation) of the fullerenemass(fullerenes
and metallofullerenes)in the heterogeneousplasma. In this
case,a broadband (severalhundredsof _Angstr�om) emission
spectrum transformed to groups of very intense lines (line
headsaccompaniedby satellites,Fig. 3) or single lines with
the half-width dl � 10ÿ1 ÿ 10ÿ3 nm. When a complete SC
was achieved [7ë9], lasing occurred only at a few lines
whose intensity increasedby several orders of magnitude.
Therefore, the heterogeneousplasma acquired dispersion
and phototropic properties when fullerene molecular clus-
ters were synthesised in it. This was most distinctly
manifested in the presence of rare-earth metals in the
plasma.

Fig. 3 showstypical variations in the emissionspectrum
of the Cr3� : GSGG laser upon its interaction with a light-
erosion torch from different targets for the three operating
regimes of the neodymium laser. It was found that the

inêuence of the dynamics of variations in the pulse and
power of the neodymium laser incident on the light-erosion
torch on the appearance of condensationlines (Fig. 3, lines
24ë30) dependson the off-duty ratio of short pulsesfrom
the neodymium laser (Fig. 2c). An increase in the time
interval betweenthe pulses,accompaniedby an increasein
the output power of the neodymium laser in an individual
lasing spike, resulted in the red shift of the condensation
lines (Fig. 3, lines 26ë29).

When a target was irradiated by the neodymium laser
operating in the quasi-continuous regime,the parametersof
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Figure 2. Radiation pulse from a neodymium laser operating in free-
running (200ms/div) (a), quasi-continuous (100ms/div) (b), and repetiti-
vely pulsed(50 ms/div) regimes.
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Figure 3. Emissionspectraof the Cr3� : GSGG laserwith an intracavity
light-erosion torch appearingafter irradiation of target made of carbon
(lines 2ë9) or carbon with cerium (lines 11ë22, 24ë30, 32ë35) by a
pulsedneodymium laseroperating in the repetitively pulsedregimewith
the distancebetweenpulsesequal to 10 (27), 20 (26), 35 (29), and 50 ms
(28), in the quasi-continuous regime (32ë35), and in the free-running
regime(2ë9, 11ë22). `The temporal sections' of emissionspectraof the
Cr3� : GSGG laserweredetectedeach25 (2ë9, 32ë35) and 10 ms (11ë
22) (lines 1, 10, 23, 31 are the emissionspectrum of the Cr3� : GSGG
laser in the absenceof plasmain its cavity.
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a plasma torch (concentrations of electrons and ions, their
temperatures,etc.) remained invariable, and only one con-
densation line was detectedin the emissionspectrumof the
tunable laser(Fig. 3, lines 32ë35). In this case,the intensity
and width of the condensation line changed in time
(`temporal sections'of the emissionspectrumof the tunable
laser weredetectedevery� 25 ms). This made it possibleto
determine the temporal boundaries of a plasma layer (70ë
100 ms), which caused SC and affected the formation of
condensation lines (it is assumedthat the fullerene massis
producedmost eféciently in this region of the plasmatorch).
The electron concentrations in this region, which varied
from 3� 1012 to 2� 1013, weremeasuredwith an interfero-
meter.

The dependenceof the appearance and type of the
condensation lines on the chemical composition of targets
madeof carbon (Fig. 3, lines 2ë9) and carbon with cerium
impurities (lines11ë22) wasstudied. SC wasdetectedupon
the interaction of radiation from the Cr3� : GSGG laser
with a light-erosion torch from a carbon target with cerium
impurities for all the three operating regimes of the neo-
dymium laser, whereasin the caseof a pure carbon target,
SC was detected only for free-running neodymium laser.
The condensationlines causedby the torch from the carbon
target and target with cerium impurities were detected in
different regions. The torch from the carbon target with
cerium impurities always produced intense condensation
lines (cerium stimulatesan increasein the fullerene massin
the heterogeneous plasma due to synthesisof metallofuller-
ene nanotubes [11ë14], whereas in the case of a purely
carbon target, weak linesaccompaniedby satellite lineswere
observed(Fig. 3, lines 2ë9). It seemsthat in the latter case,
only fullerenessynthesisedfrom evaporatedpure carbon are
present in the torch [11ë13].

Thus, the main factors characterising the inêuenceof the
heterogeneous light-erosion plasma on the appearance and
featuresof SC weredetermined in this paper. The dynamics
of this phenomenon wasstudiedby the method of `temporal
sections' [8] and the main conditions for its reproduction
were determined. The condensation lines were detected
whose intensity was increased by severalorders of magni-
tude. It was shown that impurities of rare-earth elementsin
a light-erosion torch causethe appearanceof very intense
condensation lines, which shift to the red with increasing
radiation power of a neodymium laser on the target. The
presenceof rare-earth metal impurities (as fullerenesthem-
selves) in the light-erosion torch leads to synthesis of
metallofullerene nanotubes, resulting in SC. This suggests
that SC can be used for studying the synthesis of molecular
clusters produced in the heterogeneous plasma.

In further studies, an attempt will be made to obtain
additional data on the possibility of using the SC effect for
investigating the technology of synthesis of fullerenes or
metallofullerenesat the stageof their formatio n in plasma
objects. This will improve an understanding of the mecha-
nism of formation of cluster systemsin the heterogeneous
plasma.
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