
parameters of such low-lying isomers of stable and long-lived
nuclei (lifetimes, spin, energy, decay channels, etc.) by
conventional methods of nuclear spectroscopy present
considerable problems.

The main excitation channels of low-lying isomers in the
FLP Ð excitation by X-ray radiation of the plasma itself,
electron-impact excitation, and reverse internal electron
conversion Ð were discussed in papers [22 ± 24]. The excita-
tion energy of most stable isomers exceeds 5 keV [23].
Therefore, the increase in the temperature and concentration
of hot electrons observed in the FLP should increase the
probability of the experimental detection of excitation of the
isomer nuclear level in the laser plasma.

Acknowledgements. This work was supported by the
Russian Foundation for Basic Research (grants 96-02-
19146a and 97-02-17013a) and the State Scientific and
Technical Programs `Fundamental Metrology' and `Russian
Universities'.

References

1. Akhmanov S A, in Itogi Nauki i Tekhniki. Seriya 'Sovremennye

Problemy Lazerno|̄ Fiziki' (Advances of Science and Techniques:

Modern Problems of Laser Physics) (Ed. S A Akhmanov) Vol. 4

(Moscow: VINITI, 1991) p. 5

2. Luther-Davies B et al. Kvantovaya Elektron. (Moscow) 19 317

(1992) [Sov. J. Quantum Electron. 22 289 (1992)]

3. Superstrong Fields in Plasmas: First Int. Conf., Varenna, Italy, 1997

(AIP Conf. Proc., Vol. 426, EdsMLontano et al.) (NewYork: AIP,

1998)
4. Liu X, Mourou G Laser Focus World (8) 101 (1997)
5. Momma C et al. Opt. Commun. 129 134 (1996)

6. Akhmanov S A et al. Kvantovaya Elektron. (Moscow) 13 1957

(1986) [Sov. J. Quantum Electron. 16 1291 (1986)]

7. Gordienko V M et al., in Itogi Nauki i Tekhniki. Seriya 'Sovremen-

nye ProblemyLazerno|̄ Fiziki' (Advances of Science andTechniques:

Modern Problems of Laser Physics) (Ed. S A Akhmanov) Vol. 4

(Moscow: VINITI, 1991) p. 19

8. Bayanov I M et al. in Superintense Laser Fields (Proc. SPIE, Vol.

1800, Eds S V Gaponov, V M Gordienko) (Bellingham, Wash.:

SPIE, 1992)

9. Volkov R V et al. Kvantovaya Elektron. (Moscow) 24 1114 (1997)

[Quantum Electron. 27 1081 (1997)]

10. Volkov R V et al. Laser Phys. 6 1158 (1996)
11. Volkov R V et al. Kvantovaya Elektron. (Moscow) 23 539 (1996)

[Quantum Electron. 26 524 (1996)]

12. Dzhidzhoev M S et al. J. Opt. Soc. Am. B 13 143 (1996)

13. Babaev V G et al. Kvantovaya Elektron. (Moscow) 24 291 (1997)

[Quantum Electron. 27 283 (1997)]

14. Babaev V G et al. J. Nonlinear Opt. Phys. Mater. 6 495 (1997)
15. Jiang Z et al., in Superstrong Fields in Plasmas (AIP Conf. Proc.,

Vol. 426, Eds M Lontano et al.) (New York: AIP, 1998) p. 231

16. Volkov R V et al. Kvantovaya Elektron. (Moscow) 25 3 (1998)

[Quantum Electron. 28 1 (1998)]

17. Babaev V G et al. Laser Phys. 8 1 (1998)
18. DzhidzhoevMS et al., inTechn. Digest, ICONO'98 Conf. (Moscow,

29 June ë 3 July 1998) p. 304
19. Savel'ev A B et al. Paper to be presented at Laser Physics`98

Workshop (Berlin, 6 ± 10 July 1998)
20. Gibbon P, Forster R Plasma Phys. Control. Fusion 38 769 (1996)
21. Savel'ev A B et al., in Techn. Digest, UP'98 Conf. (Garmisch ±

Partenkirchen, Germany, 12 ± 17 July 1998) p. 694

22. Andreev A V et al. Pis'ma Zh. Eksp. Teor. Fiz. 66 312 (1997) [JETP

Lett. 66 331 (1997)]

23. Andreev A V, Gordienko V M, Savel'ev A B, Preprint of Physical
Department, M V Lomonosov Moscow State University (Moscow:
MGU, 1997)

24. Andreev A V et al. Izv. Ross. Akad. Nauk Ser. Fiz. 62 252 (1998)
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Experimental investigation of the influence
of subterawatt femtosecond laser radiation
on transparent insulators at axicon focusing

A A Babin, A M Kiselev, K I Pravdenko,
A M Sergeev, A N Stepanov, E A Khazanov

(1) The extensive recent development of lasers generating
powerful femtosecond pulses has made it possible to study
the interaction of intense radiation (which can produce
electromagnetic fields of the order of or even higher than
intra-atomic fields) with matter. As a result, new classes of
physical phenomena have been experimentally investigated,
such as the generation of large-amplitude plasma waves [1,
2], the obtaining of picosecond bursts of soft X-ray
radiation [3], the generation of high harmonics extending
to the soft X-ray region [4], etc. In this paper, we describe a
subterawatt Ti:sapphire laser setup developed in the
Institute of Applied Physics, Russian Academy of Sciences,
and report the results of experimental studies of the action
of intense laser radiation focused with an axicon lens on
transparent dielectric targets.

(2) Figure 1 shows a block diagram of the femtosecond laser
setup. The driving oscillator was pumped by aCWargon laser
and produced a train of 100-fs pulses of 3 nJ energy and a
repetition rate of 110 MHz at the wavelength �0 � 795 nm.
The pulses were amplified using the common scheme [5]. To
avoid nonlinear distortions and breakdowns in optical
elements of the amplifier, the femtosecond pulses generated
by the driving oscillator were stretched in time to approxi-
mately 150 ps with the help of a pulse stretcher. Then, the
stretched pulses were first amplified in a regenerative
oscillator and then in the output amplifier. The amplified
pulses with a repetition rate determined by the repetition rate
of the pump Nd:YAG laser were compressed in the diffrac-
tion compressor. The operation of separate units of the setup
was synchronized with an accuracy of 1 ± 2 ns with the help of
a specially devised synchronization scheme. The diagnostic
setup included a spectrograph (for current monitoring the
spectrum of the driving oscillator), an autocorrelator (for
continuous monitoring of the pulse duration of the driving
oscillator), and a single-pulse autocorrelator (to control the
duration of amplified pulses). All the output signals of the
diagnostic setup were fed into a computer and were processed
using an L-305 data acquisition and processing card.

The output pulses of the laser setup had the following
parameters: pulse duration t � 120 ± 140 fs, repetition rate
f � 10 Hz, pulse energy W4 20 mJ, corresponding to the
radiation power P4 0:15 TW. The diameter of the output
radiation beam was d � 8 mm.

The laser radiation was focused by a conic axicon lens
with an angle b � 20� at the base. It is known [6] that an
axicon focuses the incident radiation beam into a filament
directed along its axis. The maximum radiation intensity on
the axicon axis in our experiments was I � (1 ±
5)�1014 W cmÿ2. The focusing scheme is shown in Fig. 2. A
target made of a transparent dielectric was located in the
region of maximum intensity. In most experiments, it was
mounted on a rotating table, which provided irradiation of a
given spot on the target by only one laser pulse.
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(3) When the energy of the laser pulse focused on the
transparent dielectric target exceeded a threshold value, we
observed a bright luminous filament in it. The observation of
this region under the microscope showed that a hollow
channel was formed in the target (Fig. 3a), whose diameter
was d=1:5 mm and the length could exceed 1 cm, being equal
to the target thickness. If the target was not rotated, and

several tens of pulses irradiated the same spot on the target,
the channel collapsed into separate bubbles (Fig. 3b).

The radiation transmitted through the target exhibited a
system of concentric multicolored rings separated by dark
rings (Fig. 4). The inner ring corresponded to the funda-
mental harmonic o0 of the laser radiation and was always
observed. The external rings appeared when the pulse energy
exceeded a threshold value, which in turn exceeded the
threshold for the appearance of the luminous filament in the
dielectric. The radiation wavelength decreased with increas-
ing ring diameter, the radiation inside a ring being almost
monochromatic. In the case of a target made of K-8 optical
glass, the ring that follows the fundamental-harmonic ring
has the frequency o�3=2�o � �3=2�o0, and the ring with still
larger diameter has the frequency o2o � 2o0, corresponding
to the second harmonic. Upon irradiation of targets made of
other materials, rings of different colors were also observed.

Figure 5 shows the spectrum of the �3=2�o0 harmonic
detected with a spectrometer. Also, the spectrum of the
second harmonic of Nd:YAG laser radiation is presented as
a reference (�0 � 532 nm), which corresponds to the exact
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Figure 1. Block diagram of the laser setup.
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Figure 2. Scheme of focusing the femtosecond pulse by an axicon lens onto

a dielectric target: (1) incident femtosecond pulse; (2) axicon; (3) refracted

pulse; (4) dielectric target; (5) axicon caustic.

10 mm

a

b

Figure 3.View of the channel in K-8 glass: (a) channel is formed by a single

laser pulse; (b) channel after irradiation by approximately 30 pulses.

Figure 4. Spatial structure of radiation transmitted through the plasma

filament.
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meaning of �3=2�o0. The spectrum width was about 20 nm
with the mass center shifted at D� � 20 nm to the `red'. The
fine structure of the spectrum has fluctuated from shot to
shot.

The polarization of harmonics coincided with that of the
incident laser radiation (both in the cases of linear and
circular polarizations). The intensity of the harmonics was
almost independent of the polarization of the incident
radiation.

Figure 6 shows the dependence of the relative intensity of
the �3=2�o0 harmonic on the incident-radiation intensity I0.
One can see that the harmonic-generation threshold is
I�3=2�o0

� 1014 W cmÿ2, while the harmonic intensity is
approximately proportional to the incident-radiation inten-
sity: I�3=2�o0

� I0. Similar measurements gave for the second
harmonic the threshold I0 � 1014 W cmÿ2 and the depen-
dence I2o � I 1:20 . The efficiency of conversion to harmonics

was measured with a photodiode calibrated at the corre-
sponding wavelength with the help of an absolute pulsed
power meter. We found that the conversion efficiency was
Z�3=2�o0

� 10ÿ3 and Z2o � 10ÿ3 for I0 � 4� 1014 W cmÿ2.

(4) Let us discuss our results.We believe that the formation of
hollow channels in dielectrics and the generation of harmo-
nics of the fundamental laser frequency are related to the
appearance of a plasma inside the dielectric upon axicon
focusing. The geometry of axicon focusing makes it possible
to achieve a radiation intensity I0 5 1014 W cmÿ2 inside the
target, avoiding (due to small transverse dimensions of the
region of high radiation intensity) self-focusing effects. At
such high radiation intensities, the target material becomes
ionized at the leading edge of the laser pulse. First, the plasma
concentration increases to the critical value for the incident
radiation on the axicon axis. Then, because of the radiation
screening, the plasma concentration ceases to increase here.
Further, the plasma concentration increases at the periphery
and the plasma propagates from the axicon axis as the front of
the ionization wave. The typical transverse size of the plasma
thus formed is determined by the characteristic scale of the
electromagnetic-field decay and is about 1 mm.

The formation of long hollow channels in transparent
dielectrics represents an interesting physical problem, which
may find practical applications in the future. However, at
present this experimental effect requires further studies.

The generation of harmonics upon laser irradiation of the
solid surface is an old problem, which originally appeared in
studies of the possibilities of the achievement of inertial
thermonuclear synthesis. We suppose that theoretical con-
cepts developed in the field may be used for interpretation of
our experiments. According to the accepted notion, the
generation of the �3=2�o0 harmonics occurs in two stages
[7]. First, the incident electromagnetic radiation with fre-
quency o0 is decomposed, because of the parametric
instability, into two plasma waves with frequencies o0=2 in
the region of the plasma concentration equal to one fourth of
the critical concentration, and then the �3=2�o0 harmonic is
generated owing to the interaction between the incident and
plasma waves.

According to the theory [7], the intensity of the �3=2�o0

harmonic should be described by the relation
I�3=2�o0

� I
3=2
0 T

3=2
e , where Te is the electron temperature of

the plasma. The weaker dependence of the harmonic intensity
on the incident-radiation intensity, which was observed in our
experiments (I�3=2�o0

� I0), can be explained by the decrease in
the local electron temperature in the plasma with the
increasing incident-radiation intensity, which in turn is
determined by the dynamics of propagation of the ionization
front. Another reason may be the change in the characteristic
scale of the plasma in the region of one fourth of the critical
concentration [8].

The efficiency of generation of the �3=2�o0 harmonic in
our experiments was several orders of magnitude higher than,
for example, in Ref. [7]. This is probably explained by the fact
that in our experiments, in contrast to Ref. [7], there is a
spatial scale (� �0) determined by the transverse size of the
plasma channel formed in the dielectric. For this reason, the
wavelength of the excited plasma wave is close to the channel
diameter, i.e., �0, which ensures the fulfillment of the law of
conservation of momentum k�3=2�o � k0 � kp during the
interaction of the waves, where k�3=2�o, k0, and kp are the
wave vectors of the �3=2�o0 harmonic, the incident radiation,
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Figure 5. Spectrum of the (3/2)o0 harmonic; the narrow 532-nmpeak is the

spectrum of the second harmonic of an Nd:YAG laser.
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and the plasma wave, respectively. This results in the
resonance generation of the �3=2�o0 harmonic. According
to the law of conservation of momentum, efficient generation
of the �3=2�o0 and (2o0) harmonics will occur at a certain
angle between the wave vectors of the incident wave and
harmonic, resulting in the ring system observed in experi-
ments. The characteristic wavelength of the plasma wave can
be estimated from the law of conservation of momentum and
experimental data on the harmonic radiation diagram (see the
ring structure in Fig. 5). We found that �p � 1 mm, i.e.,
indeed, the wavelength of the plasma wave is close to the
channel radius. According to the estimate, under experimen-
tal conditions [7] the wavelength of the excited plasma waves
is much smaller than that of the pump wave (kp 4k0), and
nonresonance generation of the harmonic occurs.

The interpretation of the experimental spectrum shown in
Fig. 5 is particularly difficult. The great width of the observed
spectrum may be connected with the high collision frequency
of plasma electrons with atoms and ions. According to
estimates [13], the electron collision frequency in the condi-
tions of a solid-state plasma is about the laser radiation
frequency. This causes the wide spectrum of plasma waves,
and, as a result, the wide spectrum of harmonics. The
presence of small spatial scales (� �) and the non-ideal cold
dense plasma may lead to the harmonic spectrum shift
relative to (3/2)o0.

The second-harmonic generation is theoretically
explained by excitation of plasma waves in a laser plasma
region with the critical concentration due to a linear
transformation of the laser radiation [9]. In this case, the
frequency of plasma waves proves to be close to that of the
incident radiation, and the subsequent interaction of long-
itudinal plasma waves with the laser pump wave results in the
second-harmonic generation. As in the case of the �3=2�o0

harmonic, a weaker dependence of the second-harmonic
intensity on the incident-radiation intensity (the experimen-
tal dependence is I2o � I 1:20 , whereas, according to the theory,
I2o � I 20 ) may be related to the dynamics of the plasma front.
In earlier papers, the efficiency of conversion to the second
harmonic reached Z � 10ÿ4 for I0 � 1013 ± 1014 W cmÿ2 for
nanosecond laser pulses [10, 11] and for I0 � 1016 W cmÿ2

upon irradiation of a target by femtosecond pulses [12]. The
high conversion efficiency to the second and �3=2�o0

harmonics in our experiments is probably explained by the
fulfillment of the synchronism condition.

(5) Therefore, the study of the interaction of intense
femtosecond radiation with a transparent dielectric upon
axicon focusing revealed a number of interesting effects
related to plasma formation. We have demonstrated the
formation of long hollow channels of the transverse size
1 mm and length up to 1 cm in dielectrics. We have obtained
highly efficient (for plasma experiments) generation of
harmonics of the fundamental laser frequency, which is likely
to be related to the resonance interaction of the waves
involved in the harmonic generation.
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