
Abstract. We report our experimental investigations of the
formation and development dynamics of laser plasma
produced in gas microvolumes (microplasma) upon multiple
ionisation by tightly focused (to a spot 2 ë 3 lm in diameter)
high-intensity (up to �1017 W cmÿ2) femtosecond pulses of a
Ti : sapphire laser (sp ' 130 fs, k � 800 nm). Precision
interferometric measurements (with a spatial resolution of
�1:5 lm) were made of the spatiotemporal distribution of the
refractive index and electron density in the microplasmas of
the air and helium immediately during the action of the
exciting femtosecond laser pulse and at the initial stage of
free plasma expansion. The microplasma formation was
shown to occur as a result of almost complete (up to bare
nuclei) ionisation of the initial gas. For the érst time the
spectral continuum and the dynamics of spectral line
formation in the UV and visible spectral ranges were
investigated with a picosecond time resolution for the
femtosecond laser-produced microplasmas of the air, N2,
Ar, and He at normal conditions. For the érst time the
generation of the second (even) laser radiation harmonic was
recorded in a femtosecond subcritical-density plasma of gases.

Keywords: femtosecond laser plasma, multiple gas ionisation,
microinterferometry, spectral-temporal diagnostics, generation of
laser harmonics.

1. Introduction

The study of nonequilibrium laser plasma produced in
gases and condensed media ionised by high-intensity
ultrashort pulses (USPs) is an important direction in
laser radiation ëmatter interaction physics. This problem
is topical from the standpoint of fundamental science ë
gaining new experimental data on the properties of
extremely nonequilibrium, spatially nonuniform high-den-
sity plasma and on the mechanisms of its production,
development, and interaction with laser radiation. This
problem is also topical in connection with numerous
applied problems ë development of techniques for the
generation of extremely short (attosecond) light pulses,

development of laser-driven sources of X-ray and UV
radiation of the nanometre wavelength range for nano-
lithography, improvement of the technologies and
development of new methods for precision laser micro-
and nanostructuring of the surface and volume of metals
and transparent optical materials, in which the plasma
generated by laser radiation in a gas plays a decisive role.

In this work, we report the main results of experiments
carried out to investigate the dynamics of the formation and
development of laser plasmas produced at atmospheric
pressure in gas microvolumes (the air, nitrogen, argon,
helium) by tightly focused (to a region of the order of
several micrometres) high-intensity (from �1014 W cmÿ2 to
�1017 W cmÿ2) femtosecond laser pulses of a Ti : sapphire
laser with a duration tp ' 130 fs, an energy up to 1 mJ, a
wavelength l � 800 nm, and a nearly Gaussian spatial
intensity proéle. Such a plasma object with a characteristic
diameter of several micrometres and a length up to several
tens of micrometres (the so-called microplasma) is an
interesting and important object for experimental inves-
tigations both in view of the aforementioned basic and
applied aspects of this problem and in connection with the
unique opportunity to study the behaviour of matter and
plasma in superstrong laser éelds (of subrelativistic inten-
sity) employing relatively simple and compact femtosecond
laser facilities. Indeed, the high quality of Ti : sapphire laser
radiation permits focusing the beam to a region �1 mm in
diameter and thereby attaining `in-vacuum' intensities as
high as 1018 W cmÿ2 even for a pulse energy of about 1 mJ.

Therefore, the microplasma production by high-intensity
femtosecond pulses in itself presents no special problems,
but its subsequent study encounters serious experimental
obstacles and, in the érst place, the inadequate readiness of
the methods for the investigation of transient microdimen-
sional plasma objects and the ultrafast physical processes
occurring therein, including the methods of ultrafast laser
microinterferometry and ultrafast microspectroscopy of
laser-generated plasmas.

In this work we present the results of our investigations
aimed at the development and practical realisation of the
methods for microplasma studies. Earlier we reported the
technique for precision microinterferometry of micrometre-
sized plasmas generated by picosecond laser pulses in gases
and optical media (quartz) [1, 2]. More recently this tech-
nique was substantially modiéed and employed to inves-
tigate a femtosecond microplasma [3, 4]. In addition we
proposed a method for electron-optical recording of the
emission spectra of laser-produced microplasma [3 ë 6]. The
results of its practical application are presented in the
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present paper along with microinterferometric measuring
data.

2. Precision laser microinterferometry
of femtosecond laser plasma

Figure 1 shows the scheme of the technique elaborated and
the experimental setup for microinterferometric investiga-
tions of the formation and development dynamics of a
femtosecond laser microplasma and for measuring its
parameters. A single femtosecond pulse of linearly polarised
Ti : sapphire laser radiation was split by a beamsplitter
mirror into two unequal pulses. The stronger pulse (in what
follows, the exciting pulse) was employed for plasma
production in the gas under investigation, and the weaker
pulse for probing (`strobing') the resultant plasma and for
the formation of its interferometric image on the photo-
recording device. Recall that basically any of the numerous
techniques of pulsed laser interferometry employed for
plasma diagnostics, which were repeatedly and successfully
employed earlier and are currently employed in numerous
experimental works (see, for instance, Refs [1, 2, 7 ë 28] and
references therein), is based on recording `instantaneous'
interferometric images of the volume of the excited
substance (plasma) obtained with the help of probing
`backlighting' laser pulses delayed in time.

The main distinction of our techniques from other
techniques consists in its precision ë the combination of
high temporal (�100 fs) and spatial (�1:5 mm) resolution
and thereby the capacity to measure the spatiotemporal
distribution of the refractive index and electron density of
the microplasma, both directly during the exciting laser
pulse (at the very initial stage of plasma formation and laser
radiation ë plasma interaction) and at the stage of its free
expansion.

The plasma was produced by focusing the exciting pulse
into the volume of the gas under investigation (the air and

helium) employing aspherical microlens ( 2 ) with a focal
distance F � 8 mm and a numerical aperture NA � 0:5. In
this case, the minimal transverse dimension of the focused
Gaussian beam was �2:5� 3:5 mm (at the 1/e2 level). We
emphasise that the dimensions and spatial intensity proéle
of the tightly focused beam were carefully measured in our
experiments (the measured intensity proéles are given below
in Fig. 7). To investigate the dependence of plasma param-
eters on the energy (intensity) of the exciting pulse, neutral
élters were placed in front of the focusing microlens, which
ensured attenuation of the pulse energy by a factor of 100 or
more, down to the threshold of gas breakdown (which is
equal, for instance, for the air to �2� 1014 W cmÿ2).

The probe pulse was directed to the variable optical
delay line; after passing through the delay line, the pulse
traversed the microplasma under investigation in the
direction perpendicular to the direction of exciting-pulse
propagation. The delay time was varied by changing the
optical line length with the help of a precision stepping
motor from ÿ1 ps to �10 ps with a minimal spatial
increment of 1.5 mm (which corresponds to a delay time
of 10 fs). The variation of the pulse delay over a wider range
(over a range of several hundred picoseconds) was effected
by manual translation of the optical-line mirror unit along
the direction of probe pulse propagation.

A high-quality objective lens (F � 50 mm, NA � 0:5)
produced the interferometric microplasma image `in the
light' of probing radiation on the light-sensitive CMOS
matrix of a digital camera (Elphel Inc., www.elphel.com).
To this end, the probing radiation concentrated by the
imaging lens was preliminarily directed to a Michelson
interferometer to be spit into two coherent beams. Since
the radiating microplasma dimensions were much smaller
than the probe beam diameter (�3 mm), its major portion
transmitted outside the region of induced optical nonun-
iformity could be used as the reference beam. In this case,
the Michelson interferometer fulélled the functions of
spatial separation of the reference and object beams,
selection of the orientation and period of interference
fringes, as well as the compensation for the propagation
difference between the interfering femtosecond pulses. The
requisite accuracy and adjustment stability of interferometer
mirrors were effected by way of micrometre linear and
angular displacements. The optical magniécation M the
microplasma image dimension) could be varied between 20�

and 80� by changing the distance between the imaging lens
and the digital camera. The magniécation M was measured
with a standard test pattern (with a line spacing of 10 mm)
placed in place of the microplasma.

Figures 2a ë 2e show the interference patterns of the
laser microplasma of the air recorded for different time
delays of the probe pulse relative to the time of initial gas
breakdown by exciting pulses with a peak (`in-vacuum')
intensity I ' (1ÿ 2)� 1016 W cmÿ2. Similarly to the case of
plasma excitation by picosecond pulses [1, 2], the recorded
interference patterns show the existence of three stages of
formation and development of a femtosecond laser micro-
plasma: the stage of primary gas ionisation (optical
breakdown) and emergence of `cold' plasma in the caustic
of the focused beam (the so-called plasma élament, whose
minimal transverse dimensions agree closely with the
dimensions of the beam waist of exciting beam); the stage
of efécient interaction between the resultant plasma and the
exciting radiation, which lasts till the instant of laser pulse
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Figure 1. Scheme of the experimental setup for interferometric investi-
gations of the formation and development dynamics of a femtosecond
laser microplasma: ( 1 ) beamsplitter; ( 2 ) focusing lens (F � 8 mm,
NA � 0:5); ( 3 ) adjustable delay line; ( 4 ) imaging objective lens
(F � 50 mm, NA � 0:5); ( 5 ) Michelson interferometer.
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cessation and is accompanied with laser radiation absorp-
tion, intense heating, and a fast expansion of the plasma
élament; and the stage of free plasma expansion with a
substantially lower (by an order of magnitude) expansion
velocity. In this case, the main distinction of the spatial
femtosecond microplasma structure from the picosecond
one is its axial symmetry and the absence of expanding
plasma object in the form of a `bubble', which emerges at
the picosecond plasma centre and propagates upstream of
the laser radiation [1, 2].

Figure 2f shows the interference pattern of helium laser
microplasma, which exhibits a substantially smaller dis-
tortion (bend) of interference fringes, which is due to a
signiécantly lower electron density of the helium plasma in
comparison with the air plasma and, as a consequence, a
lower induced refractive index and a weak phase perturba-
tion of the probe pulse.

Figures 3a ë 3c show the spatial phase distributions of
the pro-be pulse upon its passage through the microplasma,
which were derived from the above interference patterns.
The pha-se reconstruction was performed using a conven-
tional Fourier algorithm [29, 30] and the freely distributed

IDEA (Interferometric Data Evaluation Algorithms,
http://optics.tu-graz.ac.at/idea/idea.html) software.

The spatial phase distributions recorded permit recon-
structing the spatial distribution of the refractive index in
the laser microplasma with the use of a standard procedure
involving the inverse Abelian transformation with the
additional assumption of axial plasma symmetry, which
is commonly made in these cases.

As is well known, the main cause of the change of the
refractive index in laser-produced plasma is the `negative'
contribution of free electrons, which is responsible for the
lowering of its refractive index to values below unity. Within
the framework of the Drude model, the relationship between
the variable electron plasma density Ne(t) and the refractive
index n(t) is described by the well-known expressions:

n�t� �
�
n 2
0 ÿ

�
op�t�
o

�2�1=2
, o 2

p �t� �
Ne�t�e 2
e0me

, (1)

where o � 2:35� 1015 rad sÿ1 is the angular frequency of
the probe radiation (l � 800 nm); t is the time; op(t) is the
plasma frequency; e and me are the electron charge and
mass; e0 is the permittivity of free space; and n0 is the
refractive index of the unperturbed gas.

The radial electron density distributions of the femto-
second air microplasma (at the section corresponding to the
highest plasma density) at different stages of its develop-
ment are plotted in Fig. 3d. The obtained data testify to an
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Figure 2. Interference patterns of a femtosecond laser plasma for
different time delays td of the probe pulse relative to the instant of initial
gas breakdown recorded in the air for an exciting pulse intensity
I ' �1ÿ 2� � 1016 W cmÿ2 (a ë e) and in helium for I ' 8� 1016 W cmÿ2

(f). The arrow indicates the direction of exciting pulse propagation.

a b c
10 mm

Phase
�
rad

0

ÿ1

¡¡ ¡

td � 332 fs td � 496 fs td � 800 fs

0 2 4 6 8 r
�
mm

0.5

1.0

1.5

2.0

2.5

3.0

3.5

800 fs

td � 496 fs

332 fs

d

Ne

�
1020 cmÿ3

¡ ¡¡
ÿ2
ÿ3
ÿ4

Figure 3. Phase distributions of the probe pulse for different time delays
(a ë c) reconstructed from the interference patterns of Figs 2c ë 2d and
microplasma electron density distributions at radial sections AA (d).
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extremely high degree of microplasma ionisation even at the
stage of its interaction with the exciting pulse. The plasma
density at the focus immediately after the passage of the
high-intensity laser pulse amounts to �3� 1020 cmÿ3,
which is quite close to the highest possible (at atmospheric
pressure) electron plasma density Nmax

e of the fully ionised
(up to the nuclei) air, which is equal to �3:6� 1020 cmÿ3.
So high an electron density emerges in the femtosecond air
plasma when the exciting pulse intensity exceeds �1016

W cmÿ2. In the case of excitation of helium, an almost
complete ionisation of the gas was recorded for an intensity
I ' 4� 1016 W cmÿ2. (The highest possible electron density
in the case of helium was Nmax

e ' 5� 1019 cmÿ3.)
A lowering of the refractive index in laser plasma relative

to the refractive index of the unexcited gas it typical for
experiments of this kind. At the same time, in some region
of the laser-produced air microplasma (Fig. 4) we recorded
a signiécant increase of the refractive index up to values
exceeding unity. This effect was observed in a rather narrow
interval of time delays of the probe pulse (td ' 20ÿ 100 fs)
relative to the onset of breakdown, i.e. only in the presence
of the plasma-producing high-intensity laser radiation. The
addition Dn to the refractive index was as high as �0:04,
and the total refractive index was equal to �1:04, which
substantially exceeded its value for the ambient air
(n0 ' 1:000278).

One possible cause of the emergence of a positive
addition to the plasma refractive index is the abnormally
high optical Kerr nonlinearity induced by the strong laser
éeld, which has not been observed in a laser plasma. In the
numerous papers dedicated to the study of the optical Kerr
nonlinearity of a laser plasma (see, for instance, Refs
[31, 32] and references therein), the highest measured values
of the nonlinear refractive index n2 were equal to � 5�

10ÿ19 cm2 Wÿ1 [32]. Our estimates suggest that n2 in our
experiments may be several times higher than the above
value.

In conclusion we note that the increase of the refractive
index in the femtosecond ablation plasma of an aluminium
target, which was érst observed in Ref. [27], could not be
related to the optical Kerr nonlinearity, because it man-
ifested itself hundreds of picoseconds after the cessation of
the laser pulse.

It is not improbable, however, that the increase of the
refractive index detected may be due to the spatio-temporal
limitations of the setup employed in experiments for record-
ing the interference images.

3. Ultrafast spectral-temporal diagnostics
of femtosecond laser microplasma

Along with the study of the spatio-temporal structure as
well as the measurements of the proéles of the refractive
index and the electron density of the femtosecond laser
microplasma, we investigated the spectral-temporal dynam-
ics of microplasma radiation in the UV and visible spectral
ranges at the initial stage of its formation and development
ë from the instant of laser spark initiation (the emission of
continuum) to the emergence and development of individ-
ual spectral lines. Since the plasma emission in the form of
spectral continuum sets in even in the presence of the
exciting laser pulse (femtosecond in our case) and the
physical processes that determine the development and
transformation of the continuum are characterised, gen-
erally speaking, by ultrashort (pico- and subnanosecond)
times, the top priority experimental task was to develop a
method for ultrafast spectral-temporal diagnostics comply-
ing with the requirements of temporal resolution and
spectral responsivity. For this purpose we adopted a
method for the investigation of fast processes and the
recording of weak light signals which involves the use of
fast streak cameras (SCs) [33, 34].

Figure 5 shows the scheme of the proposed and experi-
mentally realised method of ultrafast spectral-temporal
diagnostics of the femtosecond laser microplasma. Single
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Figure 4. Interference pattern of a femtosecond air microplasma
recorded during a high-intensity (I ' 2� 1016 W cmÿ2) exciting laser
pulse (a) and reconstructed phase of the probe radiation (b). The positive
change of phase may be indication that there exist plasma regions with a
refractive index exceeding unity.
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Figure 5. Scheme of the experiment on studying the ultrafast spectral-
temporal dynamics of the femtosecond laser plasma by using a streak-
camera: ( 1 ) focusing objective lens (F � 8 mm, NA � 0:5); ( 2 ) concave
diffraction grating; ( 3 ) image plane of the diffraction grating (l1 < l2);
( 4 ) imaging lens; ( 5 ) SC. The insets show the dynamic spectra of Ar and
He plasmas.
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pulses of the previously described Ti : sapphire laser were
focused with an aspherical microlens (F � 8 mm, NA � 0:5)
to an intensity I ' (0:9ÿ 2:5)�1017 W cmÿ2 and produced
plasmas in the gases under investigation (the air, nitrogen,
argon, helium) at atmospheric pressure. An axially arranged
concave diffraction grating formed spatially separated
spectral microplasma images, which were imaged with
the requisite magniécation onto the SC photocathode
and swept in time. The mutually perpendicular arrangement
of the spectrometer dispersion plane and the SC sweep
direction afforded the observation of two-dimensional
spectral-temporal pictures of the plasma emission.

In our experiments, use was made of a SC developed at
the A.M. Prokhorov General Physics Institute, Russian
Academy of Sciences [6, 33, 34]. This SC possessed a
high spectral responsivity (2.1 mA Wÿ1 at l � 800 nm,
an S1 photocathode) and a suféciently broad dynamic
range (no less than 10), which allowed us to reliably record
and study the spectral-temporal dynamics of the femto-
second plasma emission in a broad wavelength range
(l ' 300ÿ 1100 nm) with a temporal resolution of
�2:4 ps for a sweep speed up to �5� 109 cm sÿ1.

Figure 6a shows the time-swept emission spectra of the
femtosecond laser plasma emerging in the optical break-
down of nitrogen and its tabulated (`statistical') line
emission spectra (NIST Atomic Spectra Database,
http://physics.nist.gov.PhysRefData/ASD/). One can see
from these data that the plasma emission during the initial

stage of its development, which is generally rather lengthy
and may last hundreds and thousands of picoseconds after
the onset of plasma formation, is a spectral continuum.
Individual spectral lines (at least in the visible range under
investigation, l ' 380ÿ 660 nm) begin to show up only
several nanoseconds later, as the plasma cools down. As is
emerging from the continuum, the initially broad lines
narrow rapidly and change in intensity. As this takes place,
some lines that are relatively intense in `statistical' spectra
are relatively weak in the dynamic plasma spectra
presented. By contrast, some `dynamically' rather bright
lines hardly show in the time-integrated spectra. This is
evidently related to the existence of fast and slow radiative
recombination processes in nonequilibrium plasmas.

The dynamic picture of plasma spectra formation
presented in Figs 5 and 6 (the dynamic emission spectra
of the laser-produced argon and helium plasmas are shown
in the insets in Fig. 5) is not only quite illustrative, but is
also rather informative to serve as a substantial basis both
for a qualitative and quantitative theoretical analysis of the
processes occurring in the extremely nonequilibrium laser
plasma. In particular, from the variation of spectral line
widths one can endeavour to estimate the plasma temper-
ature and its cooling rate, while from line intensity ratios
and line decay to estimate the rates of the corresponding
recombination processes.

Figures 6c and 6d show examples of the temporal
intensity variation of a nitrogen spectral line array (near
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Figure 6. Spectral-temporal dynamics of femtosecond laser nitrogen plasma (at atmospheric pressure): time sweep of the spectra of the femtosecond
plasma and `static' nitrogen spectra in the l ' 380ÿ 660 nm range (a), plasma emission spectra at different instants of time (b), temporal intensity
dependences of the spectral lines and spectral continuum near l � 500 nm (t is the characteristic intensity decay time ) (c, d).
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l ' 500 nm) and the variation of continuum intensity (in
the region between the neighbouring lines), which decay
with characteristic times t of the order of several nano-
seconds. Figure 6b shows the spectral proéles of nitrogen
plasma emission recorded during the 0 ë 10 ns time interval.
It is evident that the absolute line intensities as well as the
intensity ratios between different spectral components vary
in the course of plasma development.

Because a comprehensive analysis of the resultant data
does not come within the province of the present paper, we
only note that until the present time the pursuance of an
adequate analysis of the spectra of extremely nonequili-
brium (in particular, femtosecond) laser plasmas and the
ultrafast processes occurring therein has been largely limited
by the lack of necessary experimental data similar to those
obtained in the present work. In the preceding papers
concerned with the investigation of the dynamics of the
spectral composition of laser plasma emission in the visible
range, the temporal resolution ranged mainly into the nano-
and microseconds (see, for instance, Refs [35, 36]). This did
not permit studying in detail the most interesting and least
studied initial stage of plasma formation and development.

Another signiécant experimental result obtained in the
present work is the observation of second (even) harmonic
generation of femtosecond laser pulses in the optical gas
breakdown plasma. The second (plasma) harmonic was
recorded in all four media investigated ë the air, nitrogen,
argon, and helium. The electron-optical (streak) images of
the optical spectra shown in Figs 5 and 6, the second
harmonic has the appearance of a glowing point-like region
whose location on the spectral scale corresponds to half the
wavelength of exciting laser radiation (l=2 � 800 nm=2 �
400 nm) and on the temporal scale coincides with the
plasma-generating femtosecond laser pulse. Despite the
fact that the limited temporal resolution of the streak
camera does not permit measuring the duration of the
second harmonic and studying the dynamics of its for-
mation (the durations of harmonic and femtosecond laser
pulses recorded by the streak camera are essentially its �2:4-
ps wide instrumental functions) and the spectral resolution

limited by the diffraction grating does not permit to
investigate in detail the spectral structure of the second
harmonic, the very fact of its detection is beyond question.
As far as we know, the observation of the second harmonic
of femtosecond laser pulses in subcritical-density plasmas
emerging in the optical gas breakdown had not been
reported in the literature prior to our experiments. This
circumstance appears to be surprising and even paradoxical
considering the truly huge number of experimental and
theoretical papers dedicated to the investigation of the
processes and mechanisms involved in the generation of
laser harmonics of higher (up to several hundred) odd
orders by precisely the femtosecond pulses in the plasma
of gases. Furthermore, earlier the second laser harmonic was
comprehensively studied and experimentally observed in the
gas plasma produced by picosecond pulses [37 ë 40]. This
circumstance is supposedly attributable to a signiécant
difference (by orders of magnitude) in the eféciency of
radiation conversion to odd and even harmonics (we are
reminded that even harmonic generation is forbidden within
the framework of the dipole approximation in a spatially
uniform nonmagnetic plasma) and, as a consequence, to the
necessity of employing in experiments substantially more
sensitive methods of recording weak optical signals, to
which the above electron-optical recording method belongs.

Within the framework of the present paper, a detailed
study was made of the time-integrated spatial intensity
distributions of the second harmonic. To this end, we
used a Hamamatsu C4880 CCD camera. An axially
arranged projection lens (F � 8 mm, NA � 0:5) imaged
onto its sensitive matrix the region near the focal plane
of the focusing objective lens (the plasma formation region),
which corresponded to the smallest transverse size of the
second harmonic beam. Our experiments revealed that this
region corresponded to the position of the waist of the
plasma-generating laser beam.

Figure 7 shows the spatial intensity proéles of the
second harmonic radiation and the initial laser beam at
its waist. Because of the initial ellipticity of the Gaussian
spatial proéle of the output Ti : sapphire laser radiation, the
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Figure 7. Images (in the insets) and spatial intensity distributions of the focused laser pulse (*) and the second harmonic radiation (*) generated in the
air microplasma. The solid curve represents the intensity gradient for the exciting pulse.
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measured proéle of the focused beam at the waist also
exhibited a characteristic ellipticity and measured
�2:5� 3:5 mm (at the 1/e2 level). The plane of incident
radiation polarisation coincided with the major axis of the
ellipse. The images of the initial radiation and second
harmonic beams depicted in Fig. 7 as well as their intensity
distributions at the section along the major axis of the ellipse
show the characteristic spatial structure of the second
harmonic with two intensity peaks aligned with the direction
of the plane of exciting beam polarisation. In this case, the
intensity proéle of second harmonic radiation at its intensity
maxima agrees nicely with the proéle of the intensity
gradient of the exciting radiation in the plane of polar-
isation.

The above facts are indicative of the realisation of one
of the possible mechanisms of second harmonic generation
in a laser plasma with a spatially nonuniform density
distribution, which was proposed in Ref. [37] and subse-
quently elaborated in Refs [38 ë 40]. In Refs [37, 38] it was
theoretically shown that the prohibition of second harmonic
generation in subcritical-density plasmas is removed in the
presence of a gradient of the refractive index and that such a
plasma may be a source of radiation at the double frequency
owing to the presence of a nonvanishing term with the
second-order nonlinear susceptibility in the induced non-
linear polarisation. In Ref. [38], a simple expression was
derived for the vector of plasma polarisation at the double
frequency in a laser éeld with a Gaussian spatial radiation
distribution:

P�2o� � �2sw �2�fe �2o�=w 2
0

��
E 2rÿ 4E�Er�=ep

�
, (2)

where E is the electric éeld intensity; w �2�fe (2o) is the
nonlinear susceptibility of the second order; s is a numerical
coefécient characterising the mechanism of primary gas
ionisation; ep is the plasma permittivity; w0 and r are the
waist radius and the radial coordinate of the Gaussian
beam. Relationship (2) perfectly describes all the features of
second harmonic generation observed in our experiments:
the existence of two spatial intensity peaks and their
orientation along the plane of polarisation of the initial
laser éeld, the correspondence of the spatial harmonic-
radiation intensity proéle to the gradient of the exciting-
beam intensity proéle (and therefore the correspondence to
the plasma density gradient, as noted in Section 2), the
complex polarisation structure of the second harmonic,
which is a superposition of a mostly linearly polarised (in
the same plane as the initial beam) component and a small
fraction of radially polarised radiation [38].

Therefore, the mechanism of second harmonic gener-
ation in subcritical-density plasma, which was proposed
long before the emergence of the érst femtosecond lasers
and which implies only the presence of an appreciable
density gradient of the plasma refractive index, has suppos-
edly been borne out in our experimental investigations.

4. Conclusions

We have developed a method for the ultrafast precision
interferometric diagnostics of the spatio-temporal dynamics
of a micrometre-sized laser plasma emerging in the optical
breakdown induced by high-intensity (I � 1014ÿ
1017 W cmÿ2) tightly focused femtosecond pulses of a

Ti : sapphire laser (l � 800 nm, tp ' 130 fs). Measurements
were érst made of the instantaneous distributions of the
refractive index and the electron density in a subcritical-
density femtosecond laser microplasma in the air and
helium with a micrometer spatial resolution during the
exciting laser pulse.

We have proposed and experimentally realised a new
electron-optical (streak) technique for the ultrafast spectral-
temporal recording of plasma radiation and nonlinear-
optical laser radiation conversion. This technique enabled
us for the érst time to investigate with a picosecond
temporal resolution the dynamics of the formation and
development of the spectral continuum and spectral lines in
a femtosecond laser plasma in gases (the air, nitrogen,
argon, helium) and to record for the érst time the generation
of the second (even) harmonic of femtosecond laser pulses in
a subcritical density plasma.
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