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The propagation of intense picosecond laser pulses in air in the presence of strong nonlinear self-
action effects and air ionization is investigated experimentally and numerically. The model used for
numerical analysis is based on the nonlinear propagator for the optical field coupled with the rate
equations for the production of various ionic species and plasma temperature. Our results show
that the phenomenon of plasma-driven intensity clamping, which is paramount in femtosecond laser
filamentation, holds for picosecond pulses. Furthermore, the temporal pulse distortions are limited
and the pulse fluence is also clamped. The resulting unique feature of the picosecond filamentation
regime is the production of a broad, fully ionized air channel, continuous both longitudinally and
transversely, which may be instrumental for numerous applications.

PACS numbers: 42.65.Jx, 34.80.Gs, 52.38.-r

Ionization of gases is a major application of intense
pulsed lasers. Two specific interaction regimes have been
extensively studied. Ionization by nanosecond (ns) laser
pulses (optical breakdown) has been investigated since
the early 1980’s [I]. In this context, experimental geome-
tries with tight beam focusing are typically used. The
physics of the gas response in optical breakdown is very
complex [2] 3], but the propagation of the ns laser field
itself is usually treated in a simple way, e.g., by assum-
ing fixed temporal and spatial distributions for the laser
intensity. The second configuration involves intense fem-
tosecond (fs) laser pulses. Here, the temporal and spa-
tial dynamics of the optical field are highly nonlinear [4-
[I0]. However, the complex field dynamics are essentially
decoupled from the rich air photochemistry driven by
electron-particle collisions, as the latter happen on longer
time scales than the laser pulse duration.

Compared to the ns and fs cases discussed above, the
propagation of either collimated or weakly focused in-
tense picosecond (ps) laser pulses in gaseous media has
been studied to a much lesser extent. Few works have
been published on the subject. All of them utilized ps
lasers with rather low pulse energies (~mJ), operating in
the UV [II] or visible [I2] spectral domains. The gener-
ated plasma densities were much lower than what can be
achieved with near-infrared Joule-level ps laser pulses, as
we will show below. In the ps regime, both the highly
nonlinear propagation of the laser pulse and the complex
response of the gas enabled by the electron-molecule and
electron-ion collisions occur on comparable timescales.
This is a very challenging regime to explore, as high en-
ergies in the multi-Joule range are needed to drive signif-
icant avalanche ionization of the gas.

From the practical angle, studies in this field are mo-
tivated by various atmospheric applications such as air

lasing [13], channeling electrical discharges [14] and mi-
crowave beams [15], and lightning control [16]. Plasma
produced through optical breakdown of air by tightly fo-
cused ns laser pulses is dense but spatially localized. By
contrast, plasma channels produced through fs laser fila-
mentation in air are extended but short-lived (< 1ns [17])
and dilute, with plasma densities of 1016 —10'7 electrons
per cm? [I8]. The hybrid fs-ns excitation approach using
the so-called igniter-heater scheme produces both dense
and extended plasma channels in air [19, [20], but thus
generated plasma channels are usually fragmented into
discrete plasma bubbles. All of the above shortcomings
severely limit applications.

In this Letter, we report results of experiments and nu-
merical simulations on the propagation of intense, weakly
focused, ps laser pulses in air. We show that all of the
above-mentioned drawbacks of the ns, fs and the hybrid
fs—ns regimes can be avoided through the use of ps laser
pulses, promoting robust, continuous and dense plasma
columns in air.

Our experiments make use of the Comet laser sys-
tem which is a part of the Jupiter Laser Facility at the
Lawrence Livermore National Laboratory in California,
USA [2I]. Comet is a chirped-pulse amplification chain
based on Nd-doped glass. It produces 0.5 ps transform-
limited pulses with maximum energy of 10J at the wave-
length of 1.053 ym, in a 90 mm-diameter beam. The laser
operates in the single-shot regime (one shot in ten min-
utes). Laser pulses can be chirped to up to 20 ps duration.
To avoid the degradation of the 10 mm-thick fused-silica
exit window of the laser’s vacuum compressor chamber,
the peak laser power must not exceed 1TW, which is
more than one hundred times the critical power for self-
focusing in air. Therefore, for pulses shorter than 10 ps,
the laser energy is reduced accordingly. The laser beam
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FIG. 1.
by the plasma column produced in air by a 10J, 10 ps laser
pulse, propagating from right to left and slightly downward.
The inset shows fluorescence induced by the laser beam on a
white paper screen placed in the far field.

A photograph of the time-integrated fluorescence

is weakly focused in the ambient air using a 5 mm-thick,
150 mm-diameter meniscus lens with 3m focal length.

In Fig. [I] we show a single-shot photograph of the
plasma channel produced by a 10 J, 10 ps laser pulse. The
~30 cm-long plasma string appears to be dense and lon-
gitudinally continuous, but the resolution of this image
does not guarantee the transverse homogeneity of the
plasma. The inset shows the fluorescence produced by
the laser beam in far field, on a white paper screen. The
image is taken through a color-glass filter that blocks the
overwhelming light at the fundamental laser wavelength
of 1.063 pm. Darker areas in the image result from the
screening of the trailing edge of the laser pulse by the
electron plasma generated on the leading pulse edge. The
large dark area in the middle corresponds to the trans-
versely continuous dense plasma on the beam axis. It is
surrounded by several peripheral point-like plasma fila-
ments. The production of a large-diameter plasma col-
umn that is not fragmented into multiple filaments may
be compared to the ”superfilamentation” phenomenon
recently discussed in connection with relatively tightly
focused fs laser pulses [22]. The difference in the ps case
is the important contribution of avalanche ionization, re-
sulting in plasma densities significantly higher than those
achieved in fs superfilaments.

It is well-known that the optical intensity in fs laser
filaments in gases is clamped to a value that is indepen-
dent of the energy of the laser pulse [23]. The clamping
phenomenon is a consequence of the threshold-like de-
pendence of the ionization yield on the optical intensity.
Once the ionization threshold is reached, plasma defo-
cusing abruptly stops the further beam collapse. This
description is somewhat oversimplified as it does not ac-
count for the complex temporal pulse dynamics in fem-
tosecond filaments. It is more appropriate to talk about
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FIG. 2. (a) Measured (e) and simulated (+) diameters of

ablation marks produced by 10 ps pulses with various energies
on a glass surface placed at the position of peak air ionization.
The dashed curves are fits proportional to the square-root of
the pulse energy. (b) Photograph of the ablation mark pro-
duced by a 10 J, 10 ps pulse. (c) The simulated fluence profile
for a 9J, 10 ps pulse. The 5J/cm? level corresponding to the
ablation threshold fluence for 10 ps pulse duration is marked
with a dashed line. The inset in (a) shows the simulated
beam diameter at the 5J/cm? level, vs. the distance from
the geometrical focus, for a 9J, 10 ps pulse.

clamping of the time-integrated intensity (i.e. fluence).
Nevertheless, the intensity clamping concept has been
central in the fs filamentation science for quite some time.

In order to evaluate the fluence of the ps laser field
in the interaction zone we produce the single-shot ab-
lation of a front surface of a glass slide placed along the
beam path close to the position of maximum plasma pro-
duction. This position is determined as the point of the
brightest plasma fluorescence on a photographic image
of the plasma string (similar to Fig. [1). The ablation
pattern marks a circular region with a sharp boundary,
inside which the laser fluence exceeds the value of the
ablation threshold for the glass material (see Fig.[2). We
have separately measured the ablation threshold fluence
for the particular type of glass we used (borofloat micro-
scope slides), for near-infrared laser pulses with durations
in the range from 1 to 10 ps. Our results are consistent
with the results for fused silica glass reported in [24] and
show a steady growth of the ablation threshold fluence
with pulse duration in that range, from 2.5 to 5J/cm?.

Data for the diameter of the ablation mark, for a 10 ps
pulse, is shown in Fig.[2] The corresponding area of the
mark scales linearly with the pulse energy, as evidenced
by the agreement with the dashed regression curve. Thus
the average fluence computed as the ratio of the pulse
energy to the ablation area is approximately constant
or clamped with respect to the pulse energy. We have
conducted these measurements using laser pulses with
various durations and found that the average laser fluence
was clamped in all cases. The actual value of the clamped



fluence was found to be a growing function of the pulse
duration, as shown in Fig. [3{(a).

For numerical simulations of our experiments we have
devised a model that combines a unidirectional nonlinear
pulse propagator for the laser field amplitude U [25] with
a material response module. The unidirectional treat-
ment is valid as the estimated peak reflectivity of the
plasma is less than 10™%, even assuming a complete sin-
gle ionization of all air molecules. Our model accounts
for multi-photon and impact single ionization of oxy-
gen and nitrogen molecules with the initial densities of
pg\(,)z) = 2.2 x 10 cm™3 and p(OOQ) = 5.4 x 10®¥ cm™3, re-
spectively. Direct photoionisation via Perelomov, Popov
and Terent’ev (PPT) theory [26] is included for oxy-
gen molecules only, as the ionization potential of oxy-
gen is lower than that of nitrogen. Collisional ioniza-
tion is included for both neutral species. To that end,
we compute the inverse bremsstrahlung heating of free
electrons using the electron temperature-dependent colli-
sion rates vx (T¢) in the respective collision cross-sections
ox = e2vx(T,)/meeonocw? [27] (subscript X indexes dif-
ferent molecular and ionic species: Nj, N2+ , O3 and O;‘ ).
Our nonlinear propagator model reads as follows:
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Here, we use the conventional notation for fundamental
constants; wq is the laser angular frequency, ng is the
corresponding linear refractive index of air, kg = wong/c
is the wavenumber, p. is the critical plasma density and
Pe = Pos +Pn; is the free-electron density. The operator

T accounts for the self-steepening and space-time focus-
ing effects [28]. Linear dispersion of air is included via op-
erator D [29]. The nonlinear refractive index of air ny =
2 x 10719 ¢m? /W is equally partitioned into the instan-
taneous and delayed contributions according to Eq.
with 77 = 60fs and 7 = 80fs [30]. En, and Fp, are the
ionization potentials of the neutral nitrogen and oxygen
molecules, respectively. The compound collision cross-
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FIG. 3. (a) Measured (e) and simulated (+) average laser flu-

ence at the position of peak air ionization, vs. pulse duration.
At any given pulse duration, the average fluence is clamped,
i.e., approximately independent of the pulse energy. (b)-(d)
Computed fluence profiles at the positions of peak ionization,
for various pulse configurations, showing fluence clamping.

section is defined as o, = Oof HONF +00, 10N, Electron
recombination and attachment to neutral molecules are
neglected as the time scales for those processes are much
longer than the pulse duration. Note that accounting for
the depletion of neutrals in the Kerr term and photoion-
ization of Ny using the corresponding PPT rate in Eq.
do not appreciably change the propagation dynamics.
Results of our numerical simulations are shown in
Figs. 2] and [3] together with their experimental coun-
terparts. The simulations used here utilize an axially-
symmetric implementation of the model discussed above.
In order to mimic the experimental conditions we use
Gaussian temporal oc exp(—t2/t2) and super-Gaussian
spatial o exp(—r*/wg) profiles for the input laser field.
Simulations start 8 cm before the position of the geomet-
rical focus, where intensities do not exceed 10 TW /cm?
and ionization is still negligible. The code propagates
the focused pulse, finds the longitudinal position of max-
imum air ionization and, at that position, computes the
diameter of the area inside which the fluence exceeds
the ablation threshold value (e.g., 5J/cm? for the case
of 10 ps pulse). Simulation results for the size of abla-
tion agree with experiments within about 25%. The ex-
perimental ablation marks may be larger than the com-
puted ones because of (i) the beam defects that are not
accounted for in the model; (ii) the uncertainty of the
longitudinal placement of the glass sample, estimated
as £0.5cm. From the simulated beam diameter at the
5J/cm? level vs. longitudinal position shown in the inset
in Fig. a), it is clear that the placement uncertainty
may affect the measurement significantly. In contrast,



the uncertainty of the value of the ablation threshold
should not significantly affect the computed diameter of
the ablation mark due to the sharp spatial gradients of
the fluence profile. In Fig. a) we show the average
fluence, defined here as a ratio of the pulse energy to
the area with fluence above the corresponding ablation
threshold value. Numerical and experimental data agree
reasonably well and both show a steady growth of the av-
erage fluence with pulse duration. The inspection of the
computed fluence profiles [Fig. [3(b-d)] confirms fluence
clamping.

Simulations show a complete single ionization of both
oxygen and nitrogen molecules in the ps filament. Plasma
density exceeds 10" ecm™3 for a wide range of pulse ener-
gies and durations. Figures a,b) show the distributions
of plasma produced by 500 fs and 10 ps pulses, each with
1J of energy. While the shorter pulse produces plasma
near the beam axis only, the 10 ps pulse produces a much
larger, homogeneous plasma channel with complete sin-
gle ionization of air molecules. Electron temperatures
up to 35eV are achieved with 1J pulses in the region of
complete ionization, as shown in Figure c). With 10J
pulses, electron temperatures as high as 100eV are ob-
served. The inspection of the spatio-temporal intensity
profiles [two snapshots are shown in Fig. [i{d)] reveals
that a complete single ionization of air, predominantly
through collisional ionization, occurs on the leading edge
of the pulse, which remains relatively intact with inten-
sity clamped at the level below 100 TW /cm?.

Simulations discussed so far utilized an axially-
symmetric implementation of our model. Thus based on
this data we cannot rule out the possible onset of multi-
ple filamentation, which may break the plasma channel
in the transverse plane. To investigate the transverse
uniformity of the plasma column, we conduct another
set of simulations employing a time-integrated version
of Eq. . Here we use a noisy input fluence profile
whose small-scale fluctuations efficiently seed the trans-
verse modulation instability of the beam [31) 32]. Fig-
ure (e) shows the fluence profile produced by such a sim-
ulation for a 10J, 10 ps pulse. The simulation is started
1m before the position of the geometrical focus, where
intensities are below 70 GW/cm? and nonlinear effects
are negligible. The computed fluence profile at the fo-
cus shows no sign of multiple filamentation at the beam
center, confirming analytical estimates that suggest that
the growth rates of the transverse modulation instabil-
ity [33] are too small for the instability to be effective
on the length scale of our experiment. We see, however,
several peripheral smaller plasma filaments, compatible
with the experimental observations (see inset in Fig. .

High plasma densities predicted by simulations are ex-
perimentally verified by the measurement using a capac-
itive plasma probe [34] 35]. The probe that we use has
two 5 cm—long electrodes separated by a distance of 3 cm
and charged to a voltage of 50 V. The signal produced

by the probe in our experiments is five to six orders of
magnitude higher than the signal from the same probe
applied to a regular femtosecond plasma filament with an
independently known plasma density between 10'® and
1017 em =3 [I8]. Accounting for the difference between
the total plasma volumes in the two cases, these measure-
ments confirm a complete or nearly complete ionization
of air in the interaction zone.

In conclusion, we have investigated the propagation
of Terawatt ps laser pulses in air by means of experi-
ments and numerical simulations. Our model is based
on a unidirectional pulse propagator coupled to a mate-
rial response module that accounts for multi-photon and
impact ionization of air molecules, as well as heating of
electron plasma. We report good agreement between ex-
perimental and numerical results. Our major finding is
the possibility to produce a broad, fully ionized and lon-
gitudinally and transversely continuous air channel, that
can be instrumental for applications.
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