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Abstract

We present experimental and numerical investigations of high-energy mid-infrared filamentation with multi-octave-
spanning supercontinuum generation (SCG), pumped by a 2.4 pm, 250 fs Cr:ZnSe chirped-pulse laser amplifier.
The SCG is demonstrated in both anomalous and normal dispersion regimes with YAG and polycrystalline ZnSe,
respectively. The formation of stable and robust single filaments along with the visible-to-mid-infrared SCG is obtained
with a pump energy of up to 100 pJ in a 6-mm-long YAG medium. To the best of the authors’ knowledge, this is
the highest-energy multi-octave-spanning SCG from a laser filament in a solid. On the other hand, the SCG and even-
harmonic generation based on random quasi-phase matching (RQPM) are simultaneously observed from the single
filaments in a 6-mm-long polycrystalline ZnSe medium with a pump energy of up to 15 pJ. The numerical simulations
based on unidirectional pulse propagation equation and RQPM show excellent agreement with the measured multi-
octave-spanning SCG and even-harmonic generation. They also reveal the temporal structure of mid-infrared filaments,
such as soliton-like self-compression in YAG and pulse broadening in ZnSe.

Keywords: laser filamentation; mid-infrared laser; nonlinear optics; ultrafast optics

1. Introduction

Recent developments of ultrafast, ultrabroadband high-
power laser sources operating in the mid-infrared (mid-
IR, ~2-15 pm) have been motivated by applications in
unexplored wavelength regimes of strong-field physicst!-?
and nonlinear beam propagations!®*. Mid-IR laser fil-
amentation has attracted significant attention owing to
the capability of multi-octave-spanning supercontinuum
generation (SCG)®l, the high-energy pulse propagation
with wavelength scaled (~A?) critical power, and the spectral
coverage of molecular fingerprints region®'"). Moreover,
mid-IR laser pulses are found to be an excellent tool to access
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the anomalous group-velocity dispersion (GVD) regime!®!
for pumping SCG in most dielectric materials, enabling to
study soliton-like pulse propagation dynamics in a laser
filament, such as self-compression, self-steepening, and the
formation of light bullets. In fact, the self-compression of
mid-IR laser pulses in a filament has been theoretically and
experimentally studied by a few groups!®=511,

Femtosecond mid-IR laser filamentation has been demon-
strated predominantly using optical parametric amplification
(OPA) and optical parametric chirped-pulse amplification
(OPCPA) sources!'>'3 that rely on near-IR laser technolo-
gies as the pump. However, frequency down-conversion
such as in OPA/OPCPA has an inherently low conversion
efficiency and the OPA/OPCPA architectures naturally bring
complexity to the source itself. Therefore, it is very attractive
to directly drive laser filamentation using a mid-IR laser that
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is free of OPA/OPCPA. For example, high-energy mega-
filamentation at the wavelength of ~10 wm in air, pumped
by a terawatt (TW)-class picosecond CO, laser, has been
reported very recently!*!. Ultrafast mid-IR solid-state lasers
based on transition-metal-doped II-VI semiconductors'*! as
a host medium are also attracting great attention because
they enable the high-power laser development in wavelength
range of 1.8—6 pm in relatively simple, compact, and robust
laser configurations similar to those of ultrafast near-IR
lasers. Cr:ZnSe is representative of the transition-metal-
doped II-VI semiconductors. The advantages of Cr:ZnSe
lasers include room-temperature operation, broad tuning in
the range of 1.9-3.4 wm, and convenient pumping by reliable
Er and Tm fiber lasers. Recently femtosecond multi-mJ
Cr:ZnSe lasers have been reported!'”). Despite the recent
development of all-solid-state mid-IR laser sources, it is still
in early stages of combining the advanced mid-IR lasers and
strong-field nonlinear optics. So far, only a handful of reports
discuss SCG and other nonlinear optics in bulk crystals
pumped by advanced mid-IR solid-state laserst'®~'81,

It should be noted that a pump pulse energy at sub-pJ to
few J level® 311 has been used for laser filamentation and
SCG in a solid because the multi-filamentation formation
and the optical damage of medium are easily induced at high
peak intensities and pulse energies. Energy scaling of a laser
filament to the ~100 wJ level in a solid can be much more
beneficial for various applications in nonlinear optics and
spectroscopy.

In this paper, we experimentally and numerically study
high-energy, multi-octave-spanning SCG through mid-IR
laser filamentation in the nonlinear materials using an ultra-
fast Cr:ZnSe laser, which delivers 2.4 pum centered, 250 fs
long pulses at 1 kHz repetition rate. Mid-IR laser filaments
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are generated in bulk media in the anomalous and normal
dispersion regimes. We have chosen YAG as an anoma-
lous dispersion medium because it has a negative GVD of
—149 fs’>/mm at 2.4 um of pump wavelength. As a normal
dispersion medium, we use ZnSe that has a positive GVD
of 4224 fs?>/mm at pump wavelength. While increasing the
input pulse energy, we capture the spectral and spatial pro-
files of the filaments in crystals, along with its energy depen-
dence. To obtain a more quantitative understanding of the
experiments, we carry out numerical simulations by solving
the three-dimensional nonlinear pulse propagation based on
the unidirectional pulse propagation equation (UPPE)?%-2!]
and implementing a random quasi-phase matching (RQPM)
model®”). The simulations reveal the additional details of
spatiotemporal dynamics of SCG and harmonic generation
of mid-IR filaments in nonlinear crystals.

2. Experimental setup and material properties

We use a mid-IR Cr:ZnSe chirped-pulse amplification (CPA)
laser (CLPF-CPA, IPG Photonics) for pumping filamenta-
tion. The CPA laser consists of a femtosecond mode-locked
Cr:ZnS laser oscillator, a Cr:ZnSe regenerative amplifier,
and a grating-based stretcher/compressor'”*!. The schematic
diagram of the laser system is illustrated in Figure 1(a). The
Cr:ZnS oscillator and Ho:YLF pump are optically pumped
by continuous-wave (CW) Er-doped fiber and Tm-doped
fiber lasers, respectively. The Cr:ZnSe regenerative amplifier
is pumped by a Q-switched Ho:YLF laser. The laser enclo-
sures are purged by industrial nitrogen gas (95% purity).
The Cr:ZnSe CPA laser produces 1.2 mJ, 250 fs pulses
with a spectral bandwidth of ~100 nm in full-width at half

(a) 7 ™ 7 7 N\
CW Er-fiber | > Cr:ZnS Stretcher / Mid-IR
laser oscillator Compressor laser pulses
= v L A\ 4
1 2.4 um, 250 fs,
- ~ p —Y 1kHz, 1.2 mJ
s Q-switched o
CW Tm-fiber - Ho:YLE i Cr.ZnSe.rt.egen.
laser amplifier
S v A\ pump \ v
(b) Diagnostics
2.4 pm beam Mid-IR laser
(5-100 W) Filament Spatial Spectral
e ey \4
% |
YAG
Iris ND L1 -or- L2
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Figure 1. Schematic diagram of experimental setups. (a) Femtosecond Cr:ZnSe CPA laser, composed of mode-locked Cr:ZnS laser oscillator, Cr:ZnSe
regenerative amplifier, and stretcher/compressor unit. The dotted lines indicate the pump beam while solid lines, 2.4 pm beams. (b) Setup for laser
filamentation in a solid. The arrows for spatial characterization indicate the far-field (left) and near-field (right) images of the laser filament, respectively.
The spectral characterization is performed using multiple spectrometers. ND, neutral density filter; L1, f = 100 mm CaF; lens; L2, f = 50 mm CaF, lens.
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Figure 2. Dispersion curves of YAG and ZnSe versus wavelength. The
dotted line shows the pump wavelength of 2.4 pm.

maximum (FWHM) centered at 2.4 pm with a repetition
rate of 1 kHz. The further pulse compression is limited by
the residual high-order dispersion of the CPA system that
can support a transform-limited pulse duration of sub-100 fs.
A shot-to-shot pulse energy stability is <5% root mean
square (r.m.s.) in general and as good as 2.5% r.m.s. after
a sufficient warm-up time (>1 h) and the proper humidity
control of laser cavity (<3% of relative humidity). The aver-
age output power (~1.2 W) does not drop over an entire day
(~8 working hours). The output beam size is ~8§ mm x 5 mm
in 1/¢* beam diameter with some ellipticity of ~0.6.

We utilize a 6-mm-long YAG crystal as filamentation
medium in the anomalous dispersion regime. YAG is found
to be suitable for mid-IR laser filamentation!®>’-*1 owing
to the broad transmission range in the mid-IR and high
damage threshold. Moderately small, negative GVD value
of —149 fs>/mm at ~2.4 jum is suitable for soliton-like pulse
propagation without significant pulse broadening. It has
a zero-dispersion wavelength (ZDW, 2y) at 1.60 pm and
the dispersion curve is relatively flat down to the visible
range, which enables to extend SCG from the mid-IR to
the visible range. For comparison we also choose a 6-mm-
long polycrystalline ZnSe having a Ay at 4.85 wm and a
positive GVD of 4224 fs’/mm at pump wavelength. The
GVD curve of both materials is shown in Figure 2/>>2°1, The
dispersion of ZnSe is relatively flat in the wavelength range
from ~1.5 pm to >5.5 wm. Both YAG and ZnSe exhibit
a broad transmission range from the visible to the mid-IR
spectral range, emerging as attractive nonlinear media in the
mid-IR spectral range!’’). The relevant optical parameters,
such as energy bandgap (E,), linear and nonlinear refractive
indices (ny and ny), ZDW (Xp), and critical power (P.;) of
YAG and ZnSe at 2.4 pm are listed in Table 1.

As illustrated in Figure 1(b), the 2.4 pwm laser beam is
focused with an f = 100 mm CaF, lens (L1) to the YAG
or polycrystalline ZnSe sample. The focusing condition

Table 1. Optical parameters of YAG and ZnSe at 2.4 pm.
Eg, energy bandgap[zg]; np, refractive index at 2.4 wm; np,
nonlinear index of refraction evaluated at 2.4 um[29>3(’]; 20,
ZDW; P, estimated critical power for self-focusing.

Parameters YAG ZnSe
Eg (eV) 6.5 2.71
no 1.793 2423
m (x 10716 cm?/W) 6.2 22
Lo (Jum) 1.60 4.85
P (MW) 7.7 0.53

and beam size are optimized such that we can maintain
a single filament while maximizing the spectral extension
of SCG to the mid-IR beyond ~4pm. It turns out that
the optimal diameter adjusted with an iris for YAG and
ZnSe is 6.0 mm and 2.5 mm, respectively, and the input
energy is scanned using a variable neutral-density (ND)
filter. The iris also enhances the ellipticity of input beam
(~0.6) to better than 0.8 for 6.0 mm of diameter and
basically to 1.0 for 2.5 mm of diameter. The YAG or ZnSe
sample is placed ~6 mm or ~4 mm, respectively, after
the focus in order to avoid the optical damage on/inside
the medium while generating a stable filament. The SC
beam is collimated using another CaF, lens (L2), and
then delivered to spectrometers and mid-IR camera for
spectral and spatial characterizations. The optical spectra
of SC are measured from the visible to mid-IR range
using three different spectrometers: fiber-coupled CCS1000
spectrometer (Thorlabs Inc.) for the visible (400-750 nm),
fiber-coupled NIR-256-2.5 spectrometer (Ocean Optics Inc.)
for the near-IR and short-wavelength IR (870 nm-2.5 pm),
and free-space MicroHR monochromator (Horiba Jobin
Yvon Inc.) with a mercury cadmium telluride (HgCdTe or
MCT) detector for the mid-IR (2—12 wm). The SC spectrum
is filtered out using mid-IR band-pass filters (EOC Inc.)
with spectral bands of 2.4—4.8 pm and 3-11 pm behind the
collimating lens on the way to the diagnostics. The spectra
are measured with the entire beam. The collected spectra
were corrected to the sensitivity function of the detectors
and transmission of the bandpass optical filters. The near-
field beam profile of the mid-IR filament is measured with
a WinCamD mid-IR camera (DataRay Inc.). The far-field
visible profile of the filament is captured on paper using
a digital camera. The pulse energy was measured using a
wavelength-insensitive pyroelectric power meter (Melles-
Griot, 13PEMO001) before the input lens (L1 in Figure
1(b)) for the input beam and after the output lens (L2 in
Figure 1(b)) for the output beam with SCG.

3. Results and discussion

3.1. Experimental results

Figure 3(a) shows the picture of a typical laser filament
inside the 6-mm-long YAG. The visible continuum spectrum
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Figure 3. Laser filamentation and SCG in YAG: (a) a laser filament in a 6-mm-long YAG sample; (b) the visible spectrum (linear scale), where the inset is
the corresponding far-field beam profile in red and green (true color); and (c) SC spectrum (solid) at 15 pJ, 2.4 wm input (dotted) in logarithmic scale.

(linear scale) from the laser filament with an input pulse
energy of ~15 pJ and the corresponding far-field visible
beam profile are shown in Figure 3(b), where the spatially
dispersed conical emission in green color is due to the
effective off-axis three-wave mixing!®'!. The third-harmonic
generation (THG) at 800 nm must exist, but is not observed
due to the spectral gap (750-870 nm) in our measurement.
The multi-octave-spanning SC spectra of laser filaments at
input pulse energy of 15 pJ are shown as Figure 3(c). A
significant spectral broadening to the mid-IR starts at ~10 pJ
of input energy while there is no noticeable broadening at
~5 nJ (not shown in the figure). A single laser filament is
visibly formed at the pulse energy of 15 pJ. The calculated
input peak power at 15 nJ is 60 MW (7.8P.). The SC
spectrum covers the mid-IR wavelength to ~4.5 wm although
the atmospheric CO, absorption at ~4.3 wm hinders the clear
cutoff. The visible to mid-IR spectra in Figures 3(b) and
3(c) confirm the near-3-octave-spanning SCG pumped by the
Cr:ZnSe laser.

As a comparison, the filamentation and SCG in ZnSe are
characterized, as shown in Figure 4. The single filament in
yellow color is formed inside ZnSe (Figure 4(a)) as well as
the visible far-field profile (Figure 4(b) inset). Owing to the
relatively low critical power of ZnSe, the maximum input
pulse energy to avoid multi-filament formation is limited to
~15 wJ corresponding to 60 MW or 113P,.. Although the
input beam power is much larger than the threshold for multi-
filament formation (20P.,—30P,,), we believe that relatively

small beam sizes for the experiments can inhibit the for-
mation of multi-filaments'*’!. The yellow color (~590 nm)
turns out to be the fourth-harmonic generation (FHG) of
~2.4 pm pump wavelength due to the polycrystalline nature
of ZnSe, which provides a partial phase matching for the
second-harmonic generation (SHG) and FHG, as shown as
Figures 3(b) and 3(c), owing to RQPM!?l. In addition to
the harmonic generation, there is no noticeable spectral
broadening to the visible and near-IR ranges unlike in YAG,
whereas the octave-spanning mid-IR extension to ~4.8 pm
is observed. The steep dispersion curve below ~1.5 pm of
wavelength in Figure 2 appears to prevent the SCG from
being extended further down to the near-IR and visible
ranges. Instead, the SHG (1.2 wm) and FHG peaks are clearly
observed. Therefore, we confirm that the nonlinear dynamics
of laser filamentation is highly dependent on the dispersion
curve of the medium as well as the x® nonlinearity.

We also scan the input pulse energy to study the energy
scaling of laser filaments in these two media. Figures 5(a)
and 5(b) present the spectral broadening in YAG and ZnSe
versus the input pulse energy in the range of 10-100 wJ,
which corresponds to a peak power range of 5.2P,—52P.
and 75P.—750P, in YAG and ZnSe at 2.4 um, respec-
tively. In YAG a noticeable spectral broadening starts to
be observed with the input energy of 10 wJ, as shown in
Figure 5(a). With further increase of the input energy up to
100 pJ, we observed the gradual extension of SC spectrum
to the longer mid-IR part, providing a continuous wavelength
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Figure 4. Laser filamentation and SCG in ZnSe: (a) a laser filament in a 6-mm-long polycrystalline ZnSe sample; (b) the visible spectrum (linear scale)
showing FHG without SCG, where the inset is the corresponding far-field beam profile in yellow; (c) SC spectrum (solid) at 15 pJ, 2.4 wm input (dashed) in
logarithmic scale. The absorption peak at ~4.3 wm is from atmospheric CO,. The well-defined SHG peak is observed at ~1.2 pm.

coverage to ~4.8 wm. In all cases, the location of the YAG is
fixed at 6 mm behind the focus, showing that the YAG is a
good candidate with efficient and alignment-insensitive SCG
with intense femtosecond mid-IR pulses. The pulse energy
loss in the filament is ~25% at 15 J and it increases to ~30%
at 25 pJ of pump energy. While not measured directly, the
energy loss is possibly increased as high as ~40% at 100 pJ
of pump energy. Nevertheless, to the best of the authors’
knowledge, this is the highest-energy multi-octave-spanning
SCG from a laser filament in a solid.

Mid-IR near-field beam profiles of the laser filament were
recorded by imaging the output surface of the crystal. The
magnification of the images is about two. In all the cases
with the input pulse energy of 10-100 wJ in YAG, a stable
single laser filament was formed, as verified by the single-
peaked good beam profiles in Figure 5(a). The input pulse
energy of 100 pJ corresponds to ~160P., which is found
to be surprisingly high. All these experiments were per-
formed without damaging the crystal at the reported input
parameters. With the input energy beyond 100 pJ, not shown
here, we still maintained the laser filamentation and SCG,
but a noticeable shrinking on the spectra in the mid-IR
range was observed. In addition, the formation of multi-
filaments was observed, and eventually a permanent damage
on the crystal occurred under such a condition. On the other
hand, the octave-spanning SC spectra are nearly the same
over this pulse energy range (10-100 wJ), indicating the

nearly constant peak intensity, which is estimated to ~1.1 x
101 W/cm?, regardless of the input energy due to the
intensity clamping!'”! from the formation of laser filament.

It should be noted that during these measurements we
have observed that the spectral peaks at 1.1-1.4 pm regularly
show up in all the SC spectra at 15-100 pJ of input energy.
The SHG in YAG is excluded as a possible origin of these
peaks. Instead, they turn out to satisfy the plasma-induced
phase matching condition of resonant radiation (RR) of mid-
IR laser filaments in YAG, pumped by 2.4 pm laser pulses
in anomalous dispersion regime. The origin of RR is similar
to the dispersive wave that appears in soliton dynamics in
fiber. As the RR is sensitive to the plasma density, the on-axis
(r = 0) component where the plasma density is the highest
is favorable for detection'**!. More detailed dynamics require
more experimental and numerical investigations.

We also captured the output SC spectra from ZnSe as
presented in Figure 5(b) at various input pulse energies.
While the spectral extension to >4.5 wm is easily observed
at the pulse energy of 15 pwJ (Figure 4(c)) or higher, the mid-
IR near-field beam profile indicates that the laser filament
starts suffering from irregular ring patterns at 25 uJ of pulse
energy, which we believe is attributed to the emergence
of multi-filamentation. We eventually observed the optical
damage of ZnSe at 50 and 100 pJ. Nevertheless, we demon-
strated greater-than-one-octave-spanning SCG in ZnSe with
pulse energy of multiple tens of J.
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Figure 5. Spectral broadening of incident wavelength of 2.4 wm in a 6-mm-long (a) YAG and (b) ZnSe versus energy and its near-field image. The input
pulse energies are 10, 25, 50, and 100 pJ. The logarithmic scale of intensity spectra is used to highlight the fine spectral features. Near-field intensity
distributions with the magnification of ~2 at the output surface of the YAG (right column in (a)) and ZnSe (right column in (b)), as measured in the single
and multiple filamentation regimes with the variation of input energy. The white scale bars correspond to 0.4 mm in length.

The spectral extension of SCG to the near-IR was very
minimal except for the intense SHG peak at 1.2 pm in all
the SCG spectra. As discussed earlier along with FHG in
Figure 4(b), the RQPM in the polycrystalline structure of
ZnSe induces even-harmonic generation!>>**! unlike in YAG.
It should be noted that the condition for the single-filament
formation in ZnSe was sensitive to the alignment or laser
intensity. We had to avoid the generation of a bright blue spot
in ZnSe as the input energy was increased. Once we observed
the blue spot, we immediately observed the damage. It seems
that the sixth-harmonic generation (400 nm, or 3.1 eV) and
six photon absorption occur at the same time, inducing the
optical damage of ZnSe (2.71 eV of bandgap) before the
filament is formed.

3.2. Numerical approach

We performed numerical simulations of pulse propagation
through YAG and ZnSe under the conditions similar to the
experiments by solving carrier-resolved radially symmetric
UPPE"?*?!1_ which is given by

i (,L)2 ;NL
2k(w) ¢ €

OE i

— = V2E+iDE
97 2k(w) Lo TIPET

L ) D

2k(w) c ¢ 2
where E is the electric field in the spectral domain and
z is the propagation distance. The wave vector is k(w) =

n(w)w/c, where n(w) is the linear refractive index, w is the
angular frequency, and c is the speed of light. The dispersion
operator is defined as D = k(w) — w/vg, where vy is the group

velocity at the central wavelength 2.4 wm. Here Pxy, J , and
&NL are the Fourier transform of the nonlinear polarization,
free electron effect, and nonlinear absorption due to field
ionization, respectively. The nonlinear polarization in the
time domain is given by Pny. = egoxPE3(f), where g is
the permittivity of free space and x® is the third-order

nonlinear susceptibility. The free electron current is J =

[(€*/me) (ve +iw) / (v2 +w?)] pE, where m is the electron
mass, e is the electron charge, v. is the electron collision
frequency, and p is the free electron density. Absorption due
to field ionization is included by oy = ME, where pg
is the neutral atomic density (7 x 10°* cm™ in YAG and
2.2 x 10?2 cm? in ZnSe), W(I) is the field ionization rate, U
=6.5eV and 2.71 eV are the bandgap of YAG and ZnSel>-*!,
respectively, and / is the intensity of the pulse. Here the terms
on the right-hand side of Equation (1) represent diffraction,
dispersion, nonlinear polarization, plasma effects, and non-
linear absorption due to field ionization, respectively.

UPPE is coupled with the plasma generation equation,
which includes field ionization, collisional ionization, and
plasma recombination:

ap ol P
— =W({) (po— —p-5, 2
” () (po—p) + T - 2
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Figure 6. UPPE numerical simulations of SCG in YAG. (a) Simulated on-axis (r = 0) spectra and (b) spatially averaged spectra at different propagation
distances with the input pulse energy of 50 pJ. (c) Spatiotemporal intensity profile showing self-compression at the end of propagation through YAG and (d)

normalized on-axis electric field.

where p is the plasma density, op is the inverse
bremsstrahlung cross section, and W(I) is the field ionization
rate, which is multiphoton or tunnel ionization rate
depending on the intensity!”!!. The avalanche rate follows
the Drude model with the collision time of 7. = 3 fs in
solids and the plasma recombination time 7, in solids is
assumed to be 150 fs°.

The calculated on-axis and spatially averaged spectra from
YAG with the input pulse energy of 50 wJ as functions of
propagation distance are shown in Figures 6(a) and 6(b),
respectively. The main features of experimentally measured
SC spectra, such as the mid-IR extension to ~5 pm and
visible continuum generation, are well reproduced. The spa-
tiotemporal intensity profile of the mid-IR laser filament
from the YAG is shown in Figure 6(c) and its normalized
on-axis electric field is shown in Figure 6(d). The self-
compression of the main pulse to few-cycle duration due to
the anomalous GVD is numerically confirmed.

For the laser filamentation in ZnSe, we implement a
numerical model of RQPM. Although polycrystalline ZnSe
grains are randomly oriented, nonlinear gain is proportional
to \/N, where N is the number of crystal grains!*?!. Following
Ref. [36], we add the second-order nonlinearity in the ZnSe
simulation, which is given by

Py = r(2)end2E* (1), (3)
where d, = 15 pm/V is the effective second-order nonlinear
susceptibility, r(z) is a random function between O and
1 representing propagation through different grains of the
polycrystalline ZnSe. In our simulations, we switch on the

random function r(z) at every 70 wm step so that it is a
constant for 70 wm propagation and is a different constant
for the next 70 wm propagation, mimicking the grain size of
a polycrystal*®!,

The calculated on-axis and spatially averaged spectra from
ZnSe with the input energy of 10 wJ as functions of propaga-
tion distance are shown in Figures 7(a) and 7(b), respectively.
Compared with YAG, spectral broadening is less significant
and SHG and FHG are present, which is in good agreement
with the experiment. The spatiotemporal intensity profile
(Figure 7(c)) and the on-axis electric field (Figure 7(d)) show
the multiple pulse splitting in the normal GVD regime.

4. Conclusions

We have experimentally studied the multi-octave-spanning
SCG through mid-IR laser filamentation in the nonlinear
materials in anomalous and normal dispersion regimes,
pumped by a 2.4 pm, 250 fs laser pulses, and numerically
investigated the related nonlinear dynamics. Over near-three-
octave-spanning SCG spectra were generated from robust
and stable high-energy single filaments in YAG which has
anomalous dispersion at 2.4 pm. The SCG spectra cover
the range of 500 nm—4.5 wm for the input energy range of
10-100 pJ. The result with 100 wJ of input pulse energy
demonstrates the highest-energy laser filament in a solid that
generates a multi-octave-spanning SC. The SCG of the laser
filaments in polycrystalline ZnSe, which is in the normal
dispersion regime, not only exhibited greater-than-one-
octave-spanning spectra covering the range of 1.5-4.8 pm
but also strong even-harmonic generation via RQPM.
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Figure 7. Numerical simulations of SCG in ZnSe. (a) Simulated on-axis (r = 0) spectra and (b) spatially averaged spectra with different propagation
distances at 10 pJ of input pulse energy. (c) Spatiotemporal intensity profile and (d) normalized on-axis electric field.

The experimental observation agrees well with the numer-
ical simulations based on the UPPE and the RQPM model,
which reveal the spatiotemporal dynamics of mid-IR fil-
amentation in a solid. The multi-octave-spanning SCG in
YAG and additional even-harmonic generation in ZnSe were
qualitatively reproduced with the simulations. The nonlinear
dynamics of laser filamentation is found to highly depend
on whether it is pumped at anomalous or normal dispersion
regime. The mid-IR laser filament in YAG is found to
be suitable for seeding a mid-IR OPA system!>’! in the
wavelength range of 3—10 um.
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