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Formation of light bullets—tightly localized in space and
time light packets, retaining their spatiotemporal shape
during propagation—is, for the first time, experimentally
observed and investigated in a new regime of mid-infrared
filamentation in ambient air. It is suggested that the light
bullets generated in ambient air by multi-m], positively
chirped 3.9-pm pulses originate from a dynamic interplay
between the anomalous dispersion in the vicinity of CO,
resonance and positive chirp, both intrinsic, carried by
the driver pulse, and accumulated, originating from nonlin-
ear propagation in air. By adjusting the initial chirp of the
driving pulses, one can control the spatial beam profile,
energy losses, and spectral-temporal dynamics of filament-
ing pulses and deliver sub-3-cycle mid-IR pulses in high-
quality beam on a remote target. © 2019 Optical Society
of America
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Many nonlinear spectroscopic techniques, such as remote laser
induced breakdown spectroscopy (LIBS) [1], nonlinear light-
imaging, detection and ranging (LIDAR), multidimensional
spectroscopy in molecular fingerprint region, and others
require targeted delivery of intense light with suitable pulse
duration and energy, as well as of good beam quality. Often
this task is complicated by atmospheric turbulences, causing
random variations of the refractive index and resulting in fluc-
tuations of light intensity on the target [2,3]. Propagation of
light in filamentation regime, when light intensity is clamped,
to a certain extent helps to overcome this problem but brings
new challenges linked to plasma formation, followed by an en-
ergy loss and a temporal pulse splitting [4]. Another limitation
of filamentation-based beam delivery is an onset of multiple
filamentation, caused by modulation instabilities, which have
a random character and result in small-scale beam distortions.
Multiple filamentation occurs when pulse peak power P is
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much higher than the critical power of self-focusing P,
(Ppeak 2 10P; [5]). Because of that, in the case of 40-fs
800-nm pulses the energy contained in a single filament in am-
bient air is limited at a sub-m] level [6]. Temporal pre-chirping
of the driver pulses helps to achieve filamentation at a remote
position in space [7] and increases the maximum energy, which
is possible to transport in a single filamentation regime up to
1-2 m] [8] but does not eliminate plasma-related problems.

The situation changes substantially when the wavelength of
the driving pulses increases. Since P, scales as a square of the
wavelength, considerably more energy can be deposited in a
single filament driven by mid-IR pulses. Furthermore, mid-
IR spectral range is beneficial because of the lower ionization
rates and higher resistance for the modulation instabilities [9].
Due to the larger diameter [9,10], mid-IR filaments are less
sensitive to random refractive index fluctuations and small
natural atmospheric obstacles, such as water droplets. Finally,
a unique combination of high atmospheric transparency and
anomalous dispersion of air in certain mid-IR spectral windows
promotes an opportunity for a lossless delivery of high-energy
pulse [11] and simultaneous solitonic self-compression [12,13],
which leads to boosted intensity at the position of a remote
target, important for the generation of coherent supercontin-
uum [14,15], intense THz radiation [16], and of higher order
harmonics [17]. On the other hand, multiple molecular reso-
nances characteristic for the mid-IR “fingerprint” spectral
region not only determine anomalous dispersion windows
but also complicate propagation because of absorption losses,
which can be dramatically enhanced via nonlinear spectral
broadening [15,18].

One of the atmospheric transparency windows is situated
between the resonances at 3.2 pm and 4.2 pm [19,20], corre-
sponding to the absorption of water vapor (H,O) and carbon
dioxide (CO,), respectively, which makes feasible lossless
propagation of laser pulses with the central wavelength in this
spectral range. Furthermore, because of anomalous dispersion of
air between 3.6 and 4.2 pm [19,20], solitonic self-compression
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of mid-IR pulses [13] and even, as it was predicted by numeri-
cal simulations [9,21], formation of light bullets (LBs)—highly
localized in space and time light packets preserving their spatial
and temporal characteristics during the propagation [22]—is
possible.

Here we report on the first, to the best of our knowledge,
experimental observation of the mid-IR LBs in ambient air. We
show that through the self-compression in the filaments mid-IR
pulses with a duration of 28-32 fs in a symmetric beam profile
can be generated on the remote target with significant suppres-
sion of the nonlinearly enhanced absorption losses.

Experimental studies were performed by employing a setup
presented in Fig. 1. Mid-IR pulses centered at 3.9 pm with
energy of up to 30 m] and duration of 80 fs were generated
in an optical parametric chirped pulse amplification (OPCPA)
system based on potassium titanyl arsenate (KTA) nonlinear
crystals [18,23]. Filamentation was assisted by a loose focusing
of the pulses with a spherical mirror with the focal length of
f =7 m. The implementation of a loose focusing allows to
overcome the divergence of the beam and achieve filamentation
without strong plasma formation on a laboratory scale [17,23].
The absence of strong plasma was confirmed by a homogeneity
of spatial-spectral distribution, the absence of a donut-shape
beam profile [24], which is typical in the case of strong plasma
refraction, and by a rather weak signal of the plasma capacity
probe [25]. In the case, when plasma cannot be observed visu-
ally, filamentation manifests itself by self-channeling occurring
after energy exceeds 20 mJ. However, a self-symmetrization of
initially elliptical beam starts already at the pulse energy
of 10 m].

A chirp of the mid-IR pulses was varied by adjusting
the grating compressor of the OPCPA system, which enables
tuning of the pulse duration from ~80 fs to ~3 ps. Temporal
pulse characterization was performed with second harmonic
generation frequency resolved optical gating (SHG FROG)
setup based on 200-um-thick silver thiogallate (AGS) crystal.
In order to avoid spatio-temporal distortions during propaga-
tion, the pulses at different positions along the filament
were 4-f reimaged on the AGS crystal with spherical mirrors.
The spectra were recorded with a scanning monochromator
(Digikrom, CVI) and a liquid nitrogen cooled mercury cad-
mium telluride (MCT)-photodetector. Spatial beam profiles
were detected with a pyroelectric camera (Spiricon Pyrocam I11).

FROG
SiE: Pyrocam ]

Fig. 1. Schematics of the experimental setup: FROG input/FROG
output—SHG FROG setup for characterization of the pulses directly
after compressor of OPCPA system and at the position of imaginary
target, respectively; d, the distance between the gratings in the com-
pressor; CM, curved mirror, assisting filamentation, f = 7 m; CM,,
reimaging curved mirror; W », attenuating CaF,-wedges; D, the dis-
tance between CM and the position of a “Target”; F, the position of
the linear focus.
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We have set the position of an imaginary target at the dis-
tance of ~8.5 m from the focusing mirror, which was limited
by the length of our laboratory. The spectra, temporal pulse
profiles as well as spatial beam profiles were recorded at differ-
ent energies of optimally compressed 80 fs, 3.9 pm pulses.
Already at the pulse energy of 11 m] a red shift of the spectrum
typical for stimulated rotational Raman scattering (SRRS) is
observed [Figs. 2(a)-2(c)]. Because of the red shift, the spec-
trum starts to overlap effectively with the CO,-absorption
band, located in the vicinity of 4.2 pm, what leads to an
enhancement of energy loss. Since the red-shifted pulses expe-
rience larger group velocity dispersion (GVD), they spread in
time faster, and at the energy of 14 m] pulse duration reaches
280 fs [Figs. 2(d)-2(f)]. With further increase of pulse energy,
temporal splitting of the pulse takes place. Wigner distributions,
calculated from the experimental SHG FROG traces, exhibit
that the short-wavelength side of the pulse (3.5-3.9 pm) has
a flat spectral phase due to a compensation of SPM-governed
positive chirp by the weak anomalous dispersion of air. At
the same time, long-wavelength components are stretched in
time due to the steeper GVD near the CO, resonance. When
the pulse energy exceeds 20 m] [Figs. 2(g)—2(i)], pulses on the
target split into 2 sub-pulses with the durations of 50 and 90 fs,
which is preserved with further increase of input pulse energy.
With further increase of energy, a separation between the two
sub-pulses remains constant as relative depletion of the sub-
pulse containing red spectral components takes place because
of the Raman enhanced absorption losses (REAL) [18].
Therefore, without a control over the spectral broadening dur-
ing propagation, only limited-energy pulses can be delivered on
the remote target.

A propagation and spectral broadening of mid-IR pulses in
the vicinity of molecular resonance makes filamentation
extremely sensitive to the initial pulse duration and temporal
chirp. Linearly chirped Gaussian pulse can be described as
E,= exp(—%;—%), where 7, is the transform-limited (TL)
pulse duration and C is the chirp parameter. During a propa-

gation in dispersive media pulse duration is changing 7, =

TO\/ (1+ %)2 + (/%)2 with z being the propagation dis-
0 0

tance and f/,—the GVD [26]. An increase of the pulse dura-

tion, in accordance with the Margburger’s equation [27], results

in a smaller Kerr additive to the refractive index and hence

to a later onset of filamentation. Furthermore, since air has
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Fig. 2. Wigner distributions (a), (d), (g); spectra (b), (e), (h); and
temporal pulse envelopes (c), (), (i) of 11 m] (a)—(c); 14 m] (d)—(f);
and 21 m]J (g)—(i) pulses after ~8.5 m of propagation in air in filamen-
tation regime. Initial (at the output of the OPCPA system) pulse spec-
trum and envelope are shown by dashed black lines.
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Fig. 3. Dependence of beam radii in the x- and y-directions, pulse
duration, energy losses (Ej, - Eqy)/Ein x 100% (£}, is the pulse
energy before the filament, £, is the energy after the filament at
8.5 m distance from the focusing mirror), intensity, and peak power
at “target” position on input pulse duration.

a negative GVD in the spectral region of 3.6—4.2 pum, a positive
chirp of 3.9-pm pulses is compensated by the negative
dispersion of air, which means that positively chirped pulses
compress when propagating and reach their TL pulse duration
at the propagation distance of z.,;, = Lp|C|/(1 + C?), Lp =
72 /|B,| is the dispersion length [24].

Initial pre-chirping of pulses also influences the SRRS-
induced frequency downshift due to the reduction of overlap
of spectral components in time. The frequency downshift plays
a double role, as it is responsible for a dynamic increase of the
dispersion and, hence, shortening of L, and z.;, [13] and, at
the same time, for the buildup of the REAL (Fig. 3), which
results in a loss of pulse energy.

Figure 3 illustrates a complicated interplay between the vari-
ous nonlinear processes when the duration of positively chirped
29.5-m] input pulse varies from 100 fs to 3 ps. In the case when
the duration of the stretched pulse is in the range of 150—
180 fs, at the distance of 8.5 m from the focusing mirror
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Fig. 4. (a) Wigner distributions (a), (¢); temporal pulse profiles (b),
(£); spectra (c), (g); and beam profiles (d), (h) of the pulse at a target
position in case of filamentation (a)—(d) and formation of temporal
1D-solitons (e)—(h). Blue shaded areas in (b), (c), (f), and (g) corre-
spond to the data retrieved from SHG FROG traces, as dark blue lines
are the experimentally measured spectra. Black dashed lines are the
pulse profiles and spectra measured before the filament.
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an efficient self-compression down to 28 fs can be achieved
[Figs. 4(a)—4(c)]. In the case of 180-fs input pulse the energy
losses decrease to ~20%, which is more than two times lower
compared to the losses when the pulse is stretched to 130 fs.
Self-compressed pulses retain in the main peak 60%-70% of
the pulse energy, which results into a high peak power reaching
340 GW and intensity of >20 TW /cm?. This demonstrates a
possibility to deliver high intensity mid-IR light on a remote
target. Furthermore, if an initial beam has an asymmetric
(elliptical) shape, it is self-symmetrized as a consequence of
filamentation, resulting in a round spot with the diameter of
~1 mm at a full width at half maximum (FWHM) level
[Fig. 5(d)]. In the case when pulses are stretched less than
to 150 fs, the beam on the target nucleates in the direction
of the initial ellipticity [28]. When input pulses are stretched
to more than 300 fs, the peak power drops below the critical
value and filamentation does not occurs. This is evidenced by
the beam profile, which at “the target” is elliptical as in the case
of linear propagation [Fig. 4(h)]. Although for pulses with the
durations ranging from ~300 to ~600 fs spatial localization is
not achieved, a partial compensation of diffraction, which is
due to the Kerr lens, and negative GVD of air enables
quasi-1D solitonic nonlinear dynamics in the beam resulting
in self-compression and strong temporal localization of the field
[29]. Here we observe 3-fold self-compression of 3.9 pm mid-
IR pulses from >300 fs down to ~100 fs and significantly
reduced nonlinear losses (from 50% to ~10%) compared to
the filamentation regime (Fig. 4). The losses and spectral
changes completely vanish when the input pulses are stretched
to a duration of a few picoseconds where the influence of SRRS
becomes negligible [30].

Formation of the light bullets along the filament was
observed in the case of positively chirped pulses with the
duration of 130 fs (Fig. 5). At the distance of ~3.5 m from
the focusing mirror, pulse duration decreases to 90 fs, while
the radius of the beam becomes smaller than 1 mm
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Fig. 5. Illustration of the formation of LBs. Evolution along the
propagation of: temporal pulse profiles (a), longitudinal (Time) and
transversal (X) intensity distribution (b), measured beam profiles
(c), beam-radii at the level of 1/¢? in x-(open circles) and y- (solid
squares) directions as well as of pulse duration (open triangles) (d);
the Rayleigh length is calculated for the beam waist radius of
0.5 mm, corresponding to 1/¢* intensity level and determining the
area containing of ~80% of total energy.
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[Fig. 5(d)]. Then, the temporal shape of the pulse and the beam
profile remain similar over approximately 3 m of propagation
[Figs. 5(a)-5(c)]. Note, that over the same distance, which is
around 15 times larger than the Rayleigh length z» for such
beam waist (zz ~20 cm in the case of wy = 0.5 mm), the
pulse preserves its duration [Fig. 4(d)], which, in combination
with the spatial localization, is a feature of LBs.

In conclusion, by adjusting the temporal chirp one can con-
trol energy, duration, spectrum, and spatial mode along propa-
gation of 3.9-um mid-IR pulses undergoing filamentation.
A positive pre-chirping of 80-fs pulses to the duration of
150 fs leads to a self-compression down to 28 fs on a remote
target, which is due to the interplay between spectral broaden-
ing originating from SPM and SRRS, dynamic spectral shift
originating from SRRS, and the negative dispersion of air.
As dispersion gets stronger with a red shift of the spectrum
because of SRRS, the positive chirping leads to the postponed
onset of filamentation and self-compressed pulses are delivered
on a remote target in a symmetric round mode with a signifi-
cant reduction of losses. The self-compression of chirped pulses
in filaments with a negligible amount of plasma [18] leads to
more homogeneous distribution of the spectral content across
the beam. Finally, we present for the first time, to the best of
our knowledge, experimental evidence of filament-assisted
formation of mid-IR light bullets in air. The LBs are formed
due to both a balance between the spectral-broadening and self-
compression in negatively dispersed air, which leads to a soliton
like dynamics of femtosecond mid-IR pulses in filaments and
spatial beam self-trapping in the filament.
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