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Generation of ultrashort mid-IR pulses spanning from 8.5 to 10.5 um with high energy (up to 4.5 pnJ)
was experimentally demonstrated through difference frequency generation in BaGazGeSes crystal pumped by
100-fs 0.95-pum Ti:sapphire laser pulses. Optical damage threshold and two-photon absorption coefficient were
determined for this pump pulses. Frequency conversion efficiency reached 0.24 % at 1.85 mJ pump pulse energy
and was decreased at higher one. Estimations indicate that application of 15 mm in diameter wide-aperture
BaGazGeSes sample will allow one to increase pump pulse energy up to ~10mJ, and to increase the mid-IR

pulse energy up to 24 uJ at the same efficiency.
DOTI: 10.1134/50021364024600988

The development of femtosecond long-wave mid-
infrared (mid-IR) (6-12 um) laser sources is of great
interest for many applications in fundamental and ap-
plied fields such as particle acceleration [1], attosecond
pulse generation [2], remote gas analysis [3], crystals
modification [4], inactivation of pathogenic bacteria [5]
and others. One of the main techniques to produce the
mid-IR femtosecond laser pulse is spectrum conversion
of reliable short-wave lasers in nonlinear crystals via
difference-frequency generation (DFQG) or optical para-
metric oscillation (OPO) [6-11]. Mostly such systems
are based on a laser with a high pulse repetition rate
that provided relatively-high average power of radiation
at low peak power/energy of the pulses [7—9]. Therefore,
the energy of the femtosecond mid-IR pulses in this case
is low, about at pJ [9] or nJ [7] level. Our research is
focused on the development of a femtosecond long-wave
mid-IR laser system with pulse energy at pJ-level whose
peak power will exceed the critical power of self-focusing
for mid-IR materials (tens of MW). Thus, we selected
a femtosecond Ti:sapphire laser as a future front-end
laser because of its well-developed technology, which al-
lows one to produce 10 PW laser pulses [12].

As a nonlinear crystal we selected the promising re-
cently developed BaGayGeSeg (BGGSe) crystal [13, 14]
due to its appropriate transmittance, high nonlinearity,
favorable dispersion and high optical damage threshold.
Detailed characterization of linear and nonlinear opti-
cal properties for the BGGSe crystal can be found in
[13, 14]. Recently, this material was successfully used for
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frequency conversion of femtosecond [9] and nanosecond
[10] near-IR laser pulses to the mid-IR range, as well
as for frequency conversion of microsecond CO laser
[11]. Our BGGSe crystal sample of 7 x 7 x 0.6 mm
size was grown at the High Technologies Laboratory
of the Kuban State University by D.V.Badikov and
V. V.Badikov. It was cut at § = 29°, ¢ = 42.7° for type-
I frequency mixing (see Fig. 1). For comparison, we also
considered the traditional AgGaS,; (AGS) crystal as a
reference material. The AGS sample of 7 x 8 X 2 mm size,
that was grown at the Institute of Geology and Miner-
alogy, SB RAS, was cut at § = 43°, ¢ = 0° (for the
type-II phase-matching, see Fig. 1). It should be noted
that BGGSe and AGS have similar bandgap: 2.38 eV
[13] and 2.62€V [15], respectively.

The calculated phase-matching angles for DFG of
Ti:sapphire laser pulse (A = 0.95um) and near-IR
supercontinuum (A = 1.0—1.2 ym) are presented in
Fig. 1a: type-I (0 — e — e) phase-matching for BGGSe
and type-II (e — o — e) phase-matching for AGS. The
phase-matching angle calculation is a “standard” pro-
cedure that can be found, for example, in handbook
[15]. Dispersion equations of BGGSe and AGS crys-
tals were taken from [14] and [15], respectively. In ad-
dition, the square of effective nonlinearity depending
on azimuthal angle ¢ was calculated and presented in
Fig. 1b. For BGGSe, effective nonlinearity was calcu-
lated as degr = (d118in3¢p + daz cos3yp) cos? 6, where
di; = 23.6pm/V, dos = —18.5pm/V [14]. For AGS,
it was calculated as deg = d3¢ sin 26 cos 2, where dzg =
= 12.5pm/V [15]. Figure 1 shows that the BGGSe cut
angle corresponds to DFG wavelength of 10 um, the
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Fig. 1. Calculated phase-matching angles for DFG (a) and the square of effective nonlinearity (b) in BGGSe (solid line) and

AGS (dashed line) crystals
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Fig.2. (Color online) (a) — Optical scheme of the experiment, see text for details. (b) — Spectra of pump (1) and signal (2)

pulses, and transmittance of LWP 1 filter (3)

AGS cut angle corresponds to DFG wavelength of 8 ym.
The angle ¢ is optimized for both crystals. The square
of effective nonlinearity for BGGSe is 3.4 times higher
than that for AGS, and the BGGSe should be 3.4 times
more efficient, respectively.

The optical scheme of our experiment is presented in
Fig. 2a. We used the Ti:sapphire laser “START-480M”
(Avesta Project Ltd., Russia) with pulse energy up to
10 mJ, central wavelength A ~ 0.95 pm, spectral width
at FWHM ~ 12 nm, pulse duration of 100 fs, pulse rep-
etition rate — 10Hz. The laser beam was split into
two arms by partly-transmitting mirror (M1) — reflect-
ing one with high pulse energy (E =~ 9.3mJ) as a
pump beam, and transmitting one with lower energy
(E ~ 0.7mJ) as a signal beam.

The pump pulse energy was controlled by a variable
diffraction attenuator. Its polarization was tuned by 90°
with a half-wave plate because it had to be ordinary
wave in the BGGSe (when AGS crystal was used, the
signal beam polarization was tuned). The signal beam

was focused by spherical mirror (M2, the focal length of
2m) into a gas tube of 1.46 m length filled by CO2 at
3atm gas pressure where the laser pulse was broadened
due to self-phase modulation under filamentation. Then,
the pump and signal pulses were combined together.
The time correlation of the pump and signal pulses was
controlled by the pump pulse arm length through the
adjustment of mirror M3 position.

The spatial alignment was implemented by longwave
pass filter LP02-980RU-25 (Semrock, USA), LWP 1 in
Fig. 2a. The filter had reflectance > 99.9 % for the pump
pulse and transmittance > 95 % for the signal pulse. The
pump and signal pulse spectrum after the filter are pre-
sented in Fig. 2b as well as the filter transmittance. After
the filter, the signal pulse energy was 0.15 mJ, the pump
pulse energy could be up to ~9mJ.

The combined laser pulse was sent into a nonlin-
ear crystal (BGGSe or AGS) without any focusing. The
beam diameter of pump and signal pulses at the crys-
tal were 4.1 mm and 4.5 mm at 1/e? level, respectively.
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The mid-IR pulse generated in a nonlinear crystal was
separated from the near-IR radiation by longwave pass
filter (#5 from a set of filters of IR spectrometer IKS-
31, LOMO, Russia), LWP 2 in Fig.2a. The filter had
transmittance 50 % for wavelengths of 5-14 pm and ab-
solutely suppressed near-IR radiation. The mid-IR radi-
ation was detected with photodetector PEM-L-3 (VIGO
systems, Poland), spectra were measured by a home-
made spectrometer based on a diffraction grating with
75 groves/mm equipped with photodetector PEM-L-3,
average DFG pulse energy was measured with Ophir-3A
power meter.

First, the optimal crystals orientation was found.
The dependence of the DFG pulse power/energy on the
angle of incidence («) on the BGGSe crystal is presented
in Fig.3. This angle was recalculated into the angle
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Fig. 3. Dependence of the DFG pulse energy on the angle
of incidence on the BGGSe crystal (0), upper X-axis is
phase-matching angle 0

0 between the pump wavevector and the crystal opti-
cal axis, upper X-axis in Fig.3. The dependence has a
plateau at 8 = 30° — 36° which, according to Fig. la,
corresponds to DFG wavelength tuning from 7.5 ym to
10.5 pm, lower 6 corresponds to a longer wavelength.
A drop of the detected DFG energy at 8 < 29° could
be related with Manley—Rowe relation decrease at DFG
spectrum shift to longer wavelengths. A drop of DFG
energy at # > 36° was related with DFG spectrum
shift to shorter wavelengths which required longer wave-
lengths in the signal pulse spectrum. However, the signal
pulse power had a notable decrease at A > 1070 nm (see
Fig. 2b).

Next, the relative DFG pulse energy (the signal mag-
nitude at the photodetector) was measured as a function
of the pump pulse energy at the optimal angle of the
crystal samples (o« = —10° for BGGSe, and o = —14°
for AGS), see Fig.4. With an increase in energy up
to a certain value, this dependence had a linear trend
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Fig. 4. Relative DFG pulse energy vs pump pulse energy
at the optimal position of the BGGSe and AGS crystal

for both crystals which is in accordance with theory
of parametric frequency conversion (see, for example,
[15]). However, the BGGSe crystal appeared to be about
5 times more efficient than AGS. In BGGSe, at high
pump pulse energy F, > 2mJ the magnitude of the
strongest DFG pulses was increased, however, pulse-by-
pulse stability became low, which resulted in decreased
average DFG pulse energy. The evident optical damage
of BGGSe sample surface was observed at F, ~ 2.5mJ
that coresponds to fluence of 0.04 J/cm? and intensity
of 0.4 TW /cm?. It should be noted that the decrease of
the average DFG pulse energy was also observed in AGS
crystal at F, ~ 1.8mJ.

The nature of this instability and DFG energy
decrease is not clear for us. One of the reasons
can be related with a nonlinear absorption and
plasma formation, respectively, that causes reflec-
tion/scattering/absorption of the longwave mid-IR
pulse. The dependence of BGGSe transmittance on

pump pulse energy is presented in Fig.5. Even at
0.8 Transmittance
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Fig. 5. Transmittance of BGGSe crystal vs pump pulse
energy

E, = 0.25 mJ the transmittance is notably lower than
one determined just by Fresnel reflection (70%). At
E, = 2mJ the transmittance was decreased down
to ~35%. The line in Fig.5 is the calculated trans-
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mittance of the sample at two-photon coefficient
B = 0.25cm/GW which provided the best agreement
with the experiment. This value is 5-10 times less than
that presented in [14].

To measure an absolute value of DFG pulse energy,
Ophir-3A power meter was used. The average DFG
pulse energy was determined as average DFG power di-
vided by pulse repetition rate (10 Hz) taking into ac-
count the transmittance of LWP 2 filter. Average DFG
pulse energy obtained with BGGSe at E, = 1.85mJ
was 4.5 + 0.5 pJ. This energy corresponds to DFG effi-
ciency of 0.24 % which is comparable with one obtained
with high repetition rate low-energy laser systems like
in [9]. Taking into account a possibility to increase pump
pulse energy of our setup up to ~ 10mJ, the DFG pulse
energy can be increased up to ~24 uJ at the same ef-
ficiency, however, it required a wide-aperture, ~ 15 mm
in diameter BGGSe sample. Average DFG pulse energy
in AGS was not confidently measured with Ophir-3A
power meter due to its low signal.

The spectrum of DFG pulse obtained in BGGSe un-
der optimal conditions (o = —10°, at E, = 1.85mJ)
is presented in Fig.6. It was measured pulse-by-pulse

1 | P (arb. units)

0.8+

0.6
0.4+

0.2

0-

T T T T
8 9 10 11
A (pm)

Fig. 6. Spectrum of DFG pulse obtained in BGGSe crystal
at a = —10°

by a slow diffraction grating rotation of the home-made
mid-IR spectrometer. The DFG spectrum spanned from
8.5um to 10.5pum at the level of 0.1 of the power
maximum, which was in accordance with results of [9]
and confirmed BGGSe applicability of producing few-
cycle mid-IR pulses. However, DFG spectrum had a
minor hump at 8.7 um wavelength which took origin
from a hump structure in the signal pulse spectrum
(see Fig. 2b). Therefore, to optimize the DFG spectrum
shape, the spectrum of the signal pulse should be more
uniform.

Thus, DFG of 100-fs 0.95-pm laser pulses with en-
ergy over 1 mJ was studied in BGGSe crystal. The opti-
cal damage of BGGSe was observed at 0.04 J /cm? pump

pulse fluence. The measured two-photon coefficient was
0.25 + 0.05 cm/GW. The ultrashort mid-IR pulse span-
ning from 8.5 to 10.5 um with energy up to 4.5 uJ was
obtained. Taking into account pump pulse duration of
100 fs, this energy corresponds to peak power of 45 MW
which exceeds self-focusing critical power in solids, e.g.
in ZnSe [16], and such pulses can be used for study of
filamentation in the mid-IR. Another application of this
setup is seeding high-pressure COz-laser amplifier [17].
It should be noted that presented setup of the mid-IR
laser system is relatively simple and has a great po-
tential for energy scalability. Energy of the front-end
Ti:sapphire laser can be increased up to hundreds of
Joules [12], however that pump laser will require a wide-
aperture BGGSe crystal sample. Also, the DFG pulse
energy can be increased by an improvement of signal
pulse — uniform spectrum shape and increased energy.
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