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Dynamics of plasma production and development in gases
and transparent solids irradiated by high-intensity,
tightly focused picosecond laser pulses

S.V. Garnov, V.I. Konov, A.A. Malyutin, O.G. Tsar’kova, 1.S. Yatskovskii, F. Dausinger

Abstract. The results of experimental studies of the dynamics
of formation and development of a laser plasma produced in
microvolumes of gases (air) and transparent solids (fused
silica) by high-intensity [/~ (1 —2) x 10" W em™?], ~ 22-
Ps, 539-nm laser pulses tightly focused in a region of diameter
4 pm are presented. The spatiotemporal distributions of the
refractive index and the electron density are studied by the
interferometric method with a spatial resolution of ~ 1.6 pm
and a temporal resolution of ~ 3 ps directly during the action
of excitation picosecond laser pulses. An almost complete
ionisation of the initial gas was shown to occur even in the
initial stage of air plasma formation, within a few picoseconds
after plasma production. The irradiation of solid transparent
dielectrics (fused silica) by picosecond laser pulses resulted in
a reversible production of a plasma with an electron density
above 10%° cm™>, which did not cause the damage of
dielectrics.

Keywords: laser plasma, picosecond laser pulses, interferometry,
transparent dielectrics, interaction of radiation with matter.

1. Introduction

Among the important directions of high-intensity laser
radiation—matter interaction physics is the study of non-
equilibrium plasmas produced in gases and condensed
media by tightly focused (in a region a few micrometers in
diameter) ultrashort laser pulses. This problem is topical
both from the viewpoint of fundamental science (acquisi-
tion of new experimental data on the properties of a
nonequilibrium, spatially nonuniform, high-density plasma
and the mechanisms of its formation and interaction with
pico- and femtosecond laser pulses) and in connection with
numerous applied problems. Among the latter, we mention
the development of new laser technologies for precision
microprocessing of ultrastrong metals and high-temperature
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ceramics [1—6] as well as of transparent optical materials
(glasses) [7—11], wherein the plasma produced by high-
intensity ultrashort laser pulses plays a fundamental and
largely decisive part.

In this work we outline the results of experimental
investigations of the dynamics of the formation and
development of a laser plasma generated by high-intensity
(~ 10" W em™2), ~22-ps, 539-nm laser pulses in gas
microvolumes and transparent solids. The main purpose
of the work was precision interferometric measurements of
the spatiotemporal distribution of the refractive index and
the electron density of gas and solid-state plasmas directly
during the action of the excitation laser pulse. For this
purpose, we developed a method and built an experimental
setup for the production and optical diagnostics of the laser
plasma with a micrometer spatial resolution and a pico-
second temporal resolution. The diagnostics involved
recording ‘instantaneous’ interference patterns of excited
material microvolumes (with more than a 100-fold magnifi-
cation) using ~ 3-ps probe laser pulses delayed in time [12].

Despite the fact that interference methods have long
been in wide use for the investigation of laser plasmas (see,
for instance, Refs [13—29]) and allow its spatial structure
and development dynamics to be studied in principle with a
high resolution, by now several basic problems remain
unsolved. These problems are related, in particular, to
the experimental investigation of the initial phase of plasma
formation in the field of ultrashort laser pulses and to the
measurement, in small volumes, of the parameters of
nonuniform plasmas with a strong density gradient, which
are produced upon the optical breakdown of gases and
transparent solids.

2. Experimental

Fig. 1 shows the scheme of the experimental setup. A single
1078-nm, 25-30-ps pulse from a picosecond Nd: YAP
laser with an energy of up to 5 mJ was split on a semi-
transparent mirror into two approximately equal parts. One
of them, upon conversion to the second harmonic at
539 nm in a KDP1 crystal (the ‘pump’ pulse) was employed
to generate plasma in the medium under study — in the air
or a thin (300 pm) fused silica plate, while the other part of
the beam was used to probe the plasma (the ‘illumination’
pulse). The use of second harmonic pulses for plasma
production ensured a high contrast ratio of the pump pulses
and eliminated the possible effect of the low-intensity
component of the output radiation of the picosecond laser
(‘pedestal’) on plasma formation.
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Figure 1. Scheme of the experimental setup and image of a test object
(the inset): (1) beamsplitter (R = 50 %); (2) attenuator; (3) focusing
objective (8%, NA =0.2); (4) dichroic mirror; (5) cell filled with
ethanol; (6) lens (F = 50 mm); (7) imaging objective (20*, NA = 0.4);
(8) interferometric ‘knife’ edge; (9) laser pulse energy and duration
meter; ( /0) system for measuring and controlling laser pulse parameters.

The excitation pulse was focused by a microobjective
with the focal distance F = 17.8 mm (8", NA = 0.2). The
minimal diameter of the focused Gaussian beam was 4 um
(at a 1/e? level), which was measured using an optical
projection scheme intended for recording the spatial dis-
tribution of laser radiation intensity in the focal plane of the
microobjective (Fig. 2).
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Figure 2. Spatial intensity distribution of the focused pump pulse

(Apump = 539 nm, #,ymp == 22 ps) with a beam diameter of 4 pm (l/ez)
recorded with a 111* magnification (points — experiment, solid curve —
Gaussian approximation). The inset shows the image of the excitation
pulse at the target surface.

The plasma was probed by the first backward Stokes
component of SRS excited by the second harmonic of the
Nd : YAP laser in ethanol (Av = 2921 cm™!, 2 = 640 nm).
The SRS converter was primarily employed in order to
ensure the synchronous generation of ‘long’ (tens of pico-
seconds) laser pump pulses used for plasma excitation and
of the shortest possible probe radiation pulses, which
provide the highest possible temporal resolution. It is known
[30, 31] that the SRS of picosecond pulses in liquids should
be accompanied with a significant reduction in the duration
of backscattered Stokes radiation. This was confirmed in
our experiments by direct measurements of the temporal
SRS-radiation profile with the aid of an ‘Agat’ streak
camera with a time resolution of ~ 2.6 ps. The pulse
generated at 640 nm had a duration of 3.1 ps (Fig. 3)
and an energy of up to 0.3 mJ for a second harmonic
pulse duration of 22 ps and an energy conversion efficiency
above 30 %.
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Figure 3. Pump (Apymp = 539 nm, f,ymp ~ 22 ps) and probe pulse

(Aprobe = 640 nm, #,5p. =~ 3.1 ps) intensities vs time for a sweep speed
of 4.5 x 10° em s! and a temporal resolution of 2.6 ps: (I, 3) measu-
red profiles and the corresponding images of two pairs of pulses obtai-
ned with an ‘Agat’ streak camera; (2, 4) Gaussian pulses
~ CXP[74 In 2(t/tpulse)2]'

The SRS converter is shown schematically in Fig. 1. The
part of output laser radiation intended for the formation of
illumination pulses was converted to the second harmonic in
a KDP2 crystal and then focused into the quartz ethanol-
filled cell by a lens with a focal length F = 50 mm. The
backward picosecond SRS pulse was collected and colli-
mated with the same lens, was totally reflected from a
dichroic mirror (which transmitted more than 90 % of the
A = 539 nm radiation), was directed to an optical line with a
variable time delay, and probed the plasma under inves-
tigation (at an angle of 90° to its axis) on transiting the delay
line.

The transmitted probe radiation was ‘collected’ with a
microobjective (20*, NA = 0.4), which imaged the plasma
onto the matrix of a digital camera (CMOS camera,
1288 x 1032, Elphel Inc. [32]) with a given magnification
ranging from 65 to 170. Located between the objective and
the digital camera was a side shear interferometer [12, 33]
made up of two plane mirrors separated by a thin
(~ 0.2 — 0.3 mm) air wedge with a small (no greater than
1°) wedge angle. Since the interferometer mirrors were not



760

S.V. Garnov, V.I. Konov, A.A. Malyutin, O.G. Tsar’kova, et al.

parallel to each other, the reflection of the probing pulse
from the front interferometer mirror (R = 40 %) produced
the plasma shadowgraph in the matrix plane of the digital
camera, while the reflection from the rear mirror (R =
100 %) produced the interference plasma image. This image
resulted from the interference of two spatially separated
beams, the first beam fulfilling the function of the reference
beam and the second one the function of the object beam
[12, 29, 33]. (Because the dimensions of the plasma under
study were much smaller than the probing beam diameter
(~ 2 mm, 1/e?), the major part of the beam went past the
region of induced optical inhomogeneity and did not suffer
amplitude-phase distortions, i.e., could really be employed
as the reference beam.) To avoid the mutual interference of
subsequent (multiple) probing-beam reflections from the
interferometer mirrors, an opaque screen (the so-called
interferometric ‘knife’ edge [12]) was accommodated in
the object plane (in the immediate vicinity of the plasma).
Also shown in Fig. 1 is the shadowgraph of a quartz test
pattern with a line period 10 pm, which demonstrates the
quality of the resultant phase microobjects and the spatial
resolution achieved. When employing the imaging micro-
objective (20*, NA =0.4) and the A= 640 nm probing
radiation, the limiting spatial resolution of the optical
recording configuration was equal to 4/NA = 1.6 um.

3. Experimental data

3.1 Dynamics of picosecond laser-produced air plasma

Fig. 4 shows the interference patterns of laser plasma in air
recorded for different probe-pulse time delays during the
action of excitation picosecond pump pulses with a peak
intensity (in vacuum) [y, >~ 2 X 10 Wem™2 and a
duration f,ymp = 22 ps. As in the case of plasma excitation
by picosecond IR pulses (Apymp = 1078 nm, fyymp = 53 ps,
Toump = (2 —2.5) x 10" W cm ™2 [12]), the interference pat-
terns show the existence of three stages in laser plasma

formation and development: (i) the stage of initial gas
ionisation (laser-induced breakdown) and emergence of
‘cold’ plasma in the caustic of the focused beam (plasma
‘filament’, Figs 4a and 4b), which lasts for several pico-
seconds; (ii) the stage of efficient interaction between the
plasma and laser radiation, which persists until the
termination of its action and is accompanied with
absorption of laser radiation, an intense heating and
rapid expansion of the plasma filament (with a radial
velocity of ~3x 10" cms™!) in the region facing the
incident pulse (Figs 4c and 4d); and (iii) the stage of free
plasma expansion with a significantly lower (by an order of
magnitude) expansion velocity [12].

We paid the main attention to the initial stage of plasma
formation. Our special experiments (Fig. 5) showed that
plasma emerges at the leading edge of a picosecond laser
pulse, when its intensity exceeds the threshold air break-
down intensity [. In particular, for a given peak pump
pulse intensity lyymp = 2 X 10" W em™2, the instant of
plasma emergence is 16—18 ps ahead of the peak of the
pulse. As the peak intensity (energy) of the excitation pulse
is lowered, the instant of plasma emergence shifts gradually
towards its maximum to coincide with it on reaching the
threshold of laser-induced air breakdown (Jyump =
Iy ~2.5%x 10" W ecm™2). [The above threshold intensity
value was measured in two independent ways in our
experiments: visually (from the spark production) and
from the occurrence of some kind of interference fringe
distortions in the interference patterns recorded. In this case,
both methods of breakdown threshold evaluation yielded
the same results.]

The experimental data shown in Fig. 5 demonstrate
clearly that not only the instant of plasma appearance,
but also the initial plasma dimensions (in particular, the
plasma filament diameter) are determined primarily by the
dimensions of the spatial region wherein the laser radiation
intensity 7(x,y,z,t) exceeds the threshold of laser-induced
air breakdown: I(x,y,z ) > I;,. Indeed, the interference
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Figure 4. Dynamics of the development of a picosecond laser plasma
produced in air for a probe pulse delay of 3.34 (a), 6.7 (b), 10 (c), 16.7 (d),
and 27 ps (e). The zero delay corresponds to the instant of plasma
initiation. The pump pulse (1 =539 nm, t,ym, =22 ps, [~2xX
10" W cm™2) is aligned with the vertical line (downwards). The horizo-
ntal arrows indicate the focus position. The plasma production threshold
(the air breakdown) is Iy, ~ 2.5 x 10"* W cm™2.
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Figure 5. Initial formation stage of laser plasma produced in air

(4 =539 nm, 1, ~22 ps) for a pulse with a peak intensity of
2% 10™ (1) and 3.3 x 10"* W ecm™2 (2), close to the threshold air
breakdown intensity (fy, ~ 2.5 x 10'* W cm™2). The plasma emerges
when the pulse reaches the breakdown threshold, the plasma filament
diameter is determined by the dimensions of the regions where
Iy, < I(x,y,z,t) (marked out with contour lines in the corresponding
interference patterns obtained at the points in time 3.38 and 16.7 ps).
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patterns (Fig. 5) of the initial plasma formation stage
recorded with laser pulses with peak intensities differing
by nearly an order of magnitude — Iy, >~ 2 X 10" W em™?
(a time delay of 3.38 ps) and [y = 3.5 X 108 Wem™2 (a
time delay of 16.7 ps) — are hardly different, and the
dimensions of ionised gas domain corresponding to the
points in time 3.38 and 16.7 ps virtually coincide with the
dimensions of the domain bounded by the threshold
intensity, which is indicated with contour lines of equal
(threshold) intensity in the interference patterns. The
influence of radiation self-trapping (self-focusing), typical
for the plasma formation under femtosecond pulse irradi-
ation, was discovered at none of the development stages of
the plasma produced upon irradiation by 22-ps laser pulses.

The resultant interferometric plasma images enable not
only a detailed study of plasma shape and development
dynamics, but also a determination of the spatiotemporal
distributions of density and refractive index. An analysis of
the interference patterns given in Fig. 4 (of the direction and
shifts of interference fringes) testifies to a significant
reduction of the refractive index of the ionised material
in comparison with the ambient unperturbed air, which
results from the ‘negative’ free-electron contribution to the
plasma refractive index. To exemplify, Fig. 6 shows the
radial profiles of the refractive index n(r) and electron
density N.(tr) of the plasma near the focal plane recon-
structed from the interference pattern of Fig. 4d through the
conventional procedure of inverse Abelian transformation
[12, 29, 34]:

1 1
— ——— du,
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()
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2 (R (n(x) — ny)xdx
a0 =3 ]

where A(r) is the experimentally measured interference
fringe shift as a function of the radial coordinate r [cor-
responds to a probe-wave phase shift A®(r) = 2nA(r)]; R is
the radius of the plasma volume; 7, is the refractive index
of the environment (rny ~ 1.000278 for air under normal
conditions).
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Figure 6. Radial distributions of the electron density and refractive index
in the air plasma in the focal region (indicated with a horizontal arrow)
for NP =1.6x10% (1) and 3 x 10° ecm™ (2). The pump pulse
(4 =539 nm, fymp =22 ps, 1~2x 10" w cm’2) travels downwards.
The probing-pulse time delay is 16.7 ps (see Fig. 4d).

The electron plasma density N (¢) was determined from
the dependence n(r) using the Drude model for the free-
electron contribution to the refractive index [34, 35]:

0= [~ (2O) ] e =20

EoMe

where @ = 2.94 x 10" rad s' is the angular frequency of
the probing radiation (Ayrope = 640 nm); w(7) is the plasma
frequency; e and m, are the electron charge and mass; and
& 1s the dielectric constant. In this case, owing to the
smallness of @,/ the profile of electron density actually
reproduces the profile of refractive index, while the ion
contribution to the refractive index of a high-density
plasma, as usual, can be neglected [34].

A significant result of our work is the fact of recording
extremely large values of electron plasma density in our
experiments, which range up to ~ 3 x 10* cm™ (Fig. 6)
and are indicative of a practically complete air ionisation by
picosecond laser pulses. (Recall that the maximal attainable
electron density in the fully ionised air at normal conditions
is ~3.6x10° cm™>. In this case, the plasma remains
transparent at both the exciting and probing radiation
wavelengths, for which the critical electron density is higher
by an order of magnitude: 3.8 x 10°' and 2.7 x 10*! cm 3,
respectively.) So high an electron density becomes observ-
able at the centre of the plasma filament — near the focal
plane — even early in the plasma formation, only a few
picoseconds after plasma emergence (see Fig. 4b), to attain
its peak value in the region of a rapidly expanding plasma
(Fig. 7) at the peak intensity of the laser pulse. We note that
quite high (above 10°° cm™?) free-electron densities persist
in the plasma for a considerable time period (hundreds of
picoseconds [12]), and it is not until several nanoseconds
after their appearance that the electron density gradually
decays to 10" cm™ and lower [29].

3.2 Dynamics of picosecond laser plasma
produced in fused silica

Another object investigated in our work was the non-
equilibrium solid-state plasma induced by high-intensity
picosecond laser pulses in the volume of transparent solids
(fused silica). To study the dynamics of its formation and
development, we used the same experimental setup and
technique for recording interferometric images of the
interaction region. Unlike air, along with the occurrence
of a nonequilibrium plasma (with mainly the electron
component) in the volume of fused silica we also recorded
other laser-induced processes and effects which were
responsible for the spatiotemporal modulation of the
refractive index of the medium, including the nonlinear-
optical Kerr effect as well as different manifestations of the
structural modification of the source material related to the
production of radiation-induced defects. Consideration of
the entire range of effects under study goes beyond the
scope of our paper, and we dwell at some length on one of
the most interesting experimental results — the discovery of
the reversible (not resulting in the subsequent laser-induced
material damage) production of nonequilibrium electrons
with a density exceeding 10 em™ in the volume of
transparent solids irradiated by picosecond laser pulses. So
high a ‘nondestructive’ density of a nonequilibrium solid-
state plasma in transparent dielectrics was previously
recorded only with femtosecond (~ 100 — 150 fs) laser
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Figure 7. Radial-axial distribution of the electron density in the air
plasma for a probe—pulse time delay of 16.7 ps (see Fig. 4d). The
horizontal arrow indicates the focus position. The pump pulse is aligned
with the vertical arrow (downwards).

pulse irradiation [36, 37], and it was believed that the
application of longer pulses, picosecond in particular,
should undoubtedly result in material destruction.

Fig. 8 shows the interference patterns of the interaction
region of a sample of fused silica, which were obtained
during the action of a sharply focused high-intensity
(Tpump =~ 1.2 % 10" W ecm™?) picosecond laser pulse (for a
probing-pulse delay of ~ 10 ps) and a long period of time
after its termination. Since the peak intensity of the pump
pulse is rather high [in particular, it is many times the
threshold intensity of optical damage for fused silica
Ip~(12-15)x10” Wem™], in the volume of the
sample there appears a domain of significant size that
clearly exhibits a shift of interference fringes caused by
changes of the refractive index of the medium (Fig. 8a).

The magnitude of interference fringe shifts and, what is
most important, the shift direction vary significantly along

‘Positive’ shift

‘Negative’ shift

Figure 8. Interference patterns of the region of interaction between a
picosecond laser pulse and fused silica recorded for a time delay of 10 ps
(a) and ~ 1 s (b). During the action of the pulse, ‘positive’ and ‘negative’
interference fringe shifts are recorded in the framed regions. The pump
pulse (Ipymp ~ 1.2 x 10 W em™2, Apump = 539 nm,  fpm, =~ 22 Ps) s
aligned with the arrow (upwards). The optical damage threshold for
fused silica is Iy, ~ (1.2 — 1.5) x 10> W cm™? and the sample thickness
is 300 pum.

the beam axis, depending on its position and the distance to
the focal plane. This is related to the manifestation of
physical processes and the mechanisms of induced refractive
index formation that are different in nature. In particular,
the "positive’ fringe shift observed in the major part of the
interaction region is supposedly caused by the Kerr non-
linearity of the medium and the radiation-induced defects
produced (self-trapped excitons), which make a positive
contribution to the induced refractive index in silica. The
‘negative’ shift results from the generation of nonequili-
brium electrons, which decrease the refractive index [36, 37].

In the vicinity of the focus, the observed changes of
refractive index are irreversible in nature, which is related to
the laser-induced structural change of fused silica and
optical damage to the material, which shows up clearly
in the upper part of the interference pattern in Fig. 8b.
However, away from the focus, where the laser radiation
intensity is moderate, the variations of refractive index
prove to be completely reversible, i.e., the optical properties
of quartz are hardly changed after laser irradiation
(Fig. 8b). This circumstance allows, in particular, a con-
clusion that the nonequilibrium electrons with a density of
~ 3% 10%* cm™ observed during laser irradiation (Fig. 9)
by themselves do not cause laser-induced damage to the
material. The electron density of the solid-state plasma and
the induced refractive index were determined through the
procedure of inverse Abelian transformation outlined
above.

4. Interferometry of small bulk phase objects

Since the accuracy of reconstruction of the spatial
distribution of refractive index and hence the electron
plasma density may largely depend on the amplitude-phase
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Figure 9. Radial distribution of the change of refractive index [An =
n(r) — ny, ny = 1.4575) and the density of nonequilibrium electrons in
fused silica. The time delay of the probing pulse is 10 ps (see Fig. 8a).

distortions introduced by the imaging optical system
[12, 29], we investigated the effect of parameters of the
optical elements (including aberrations, magnification,
numerical aperture of the imaging objective, and its spatial
resolution) on image formation and its correspondence to
the phase object under investigation. To this end, an
algorithm was elaborated and computer modelling was
made of the interferometric image formation of small bulk
phase objects with the use of the FRESNEL code
[12, 29, 38].

Fig. 10 shows the results of numerical modelling per-
formed for an axially symmetric phase object with
parameters corresponding to a 40-um long plasma filament
4 um in diameter and a phase incursion of 0.354;4pc- The
calculations were performed with the inclusion of real
parameters of the experimental setup — the probe radiation
wavelength, the magnification, the numerical aperture, and
the spatial resolution. As follows from the results outlined,

Figure 10. Results of computer simulation of the formation of
interferometric images (4prope = 640 nm) of small bulk phase objects —
initial interference pattern of an axially symmetric phase object measu-
ring 4 x 40 pum in the object plane (a) and its magnified (65™) images (b—
d) for NA =04 (b), 0.2 (¢), and 0.11 (d). The phase incursion is
0.351

probe -

doi> N

= 2.

M= 4.

= S.

the plasma-imaging configuration (with a 20 imaging
microobjective, NA = 0.4) employed in our experiments
ensures a perfect fit of the initial (‘undistorted’) interference
pattern of the object (Fig. 10a) to its magnified (recorded)
image (Fig. 10b). The distortions related to the objective
aperture finiteness begin to show up only when employing
optics with a smaller numerical aperture — NA = 0.2 and
0.11 (Figs 10c and 10d). Therefore, in our experiments we
have reached a sufficiently high precision of the reconstruc-
tion of plasma parameters and, in particular, the spatial
profile of the refractive index.

5. Conclusions

Our experiments have demonstrated that even early in the
air plasma formation, within a few picoseconds after its
emergence, there occurs a practically complete ionisation of
the initial gas and the electron plasma density rises to
~3x10® cm™>. In the volume of solid transparent
dielectrics (fused silica), under the action of picosecond
laser pulses there occurs a reversible plasma production
with an electron density above 10% cm ™.

The system employed in our experiments for recording
interferometric images of the plasma was shown to provide
a faithful reproduction of its shape and the spatial dis-
tribution of refractive index.

On the basis of highly efficient (with an efficiency of
more than 30%) successive conversion of picosecond
Nd : YAP-laser pulses to the second harmonic and the
first Stokes component of backward stimulated Raman
scattering in ethanol, we have experimentally realised the
synchronous generation of laser pulses with durations of
3 ps (A =640 nm) and 22 ps (4 = 539 nm).
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