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Investigation on Characteristics of 3—5 um
Mid-Infrared Optical Parametric
Amplification in LilnS,

Jingjing Zhang*“, Feng Yang

Abstract—The optical parametric amplification process in the
mid-infrared (MIR) 3-5 pm region of nonlinear crystal LilnS,
(LIS) has been investigated. The LIS crystal was pumped by a
1064 nm laser with a pulse width of 30 picoseconds and seeded by
a tunable laser generated from a KTP-OPG/OPA pumped by the
second harmonic (SH) of the same 1064 nm laser. In the experiment,
the 3.28-5.50 pom tunable idler was realized. When the fixed pump
energy is 8.75 mJ, the idler energy obtained is 72.2 pJ at 3.28
pm and 63.3 pJ at 5.50 pom. The maximum idler energy of 179.4
pJ at 4.70 pm is reached at a pump energy of 12.5 mJ, and the
optimal photon conversion efficiency is 6.36% at the pump energy
of 11.5 mJ. Finally, the optical parametric frequency conversion
parameters and performance in the 3-5 pm of several typical new
crystals (BGSe, LISe, AGS, HGS, and LGS) developed in recent
years are briefly compared and summarized.

Index Terms—LilInS, crystal, mid-infrared, optical parametric
amplifier.

1. INTRODUCTION

UNABLE mid-infrared (MIR) laser sources in the 3-5 um
T range are urgently needed for a variety of applications
such as remote sensing and aerospace. With the frequency
down-conversion technique in nonlinear optics crystals (NLCs),
especially using the well-established ~1 pm pump source, it is
possible to generate laser that emits atmospheric transparency
band II (3-5 pm) [1]. One of the core components is infrared
NLCs, the desirable properties for targeting crystals are large
nonlinear coefficients, wide transparency range, and high laser
damage threshold (LDT) [2]. Although many oxide-based crys-
tals (KTP, KTA, PPLN, etc.) are capable of achieving laser in
the 3-5 um. However, the performance of oxide-based crystals
from about 4 ym is affected by multi-phonon absorption, making
it necessary to use non-oxide materials such as mono-, binary,
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ternary and quaternary phosphides, arsenides, or chalcogenides
(sulfides, selenides and tellurides) [1]. In terms of the growth and
processing process as well as physical and optical properties,
studies have shown that the main ones that can effectively
produce 3-5 pm pumped by ~1 pum laser are AgGaS, (AGS)
(31, [4], [5], BaGasSe7 (BGSe) [2], [6], [7], [8], [9], [10], [11],
LiGaS, (LGS) [12], [13], HgoGaS4 (HGS) [14], [15], [16], and
LilnSe, (LISe) [17], [18], [19], [20], [21], [22].

Boyd and colleagues briefly studied the linear and nonlinear
properties of LilnSg (LIS) in the early 1970s [23]. The large
single crystal of LIS grown by Russian scientists using the
Bridgman—Stockbarger method for the first time [24]. LIS has a
larger band gap than AGS, which is favorable for increasing the
LDT, and the bandgap wavelengthrequirement of 1, < 500 nmis
necessary to avoid two-photon absorption (TPA) when pumped
with ~1 pgm pump source [18]. In 2001, the nonlinear properties
of LIS were determined, and 4.8-9 pum idler was generated [25],
[26]. Tao’s group started the research on the synthesis and growth
of LIS in 2004, the synthesis quality and efficiency of LIS were
improved [27]. In 2005, continuous wave differential-frequency
generation (CW-DFG) was realized in LIS, and a wide spectral
coverage of 5.5-11.3 um was obtained [28]. In 2020, nanosec-
ond (ns) MIR lasers with narrow linewidths of 6.73-6.84 pm
were output in a DFG experiment based on the LIS crystal [29].
However, there is no report on 3-5 pm generation with LIS up
to now.

In this article, we have investigated the performance of
LIS crystal in the 3-5 pm range using the frequency down-
conversion technique pumped by a picosecond (ps) 1064 nm
laser. The 3.28-5.50 pm idler laser was experimentally realized.
A maximum pulse energy of 179.4 11J at 4.70 pm was obtained.
Moreover, the type-II (e — o + e) phase matching (PM) angles of
LIS in the range of 3.28-5.50 um were experimentally measured
and compared with theoretical simulation results. By comparing
some of the parameters and PM curves of BGSe, LISe, LIS,
AGS, LGS, and HGS, we can further understand the character-
istics of LIS crystal and expand its effective applications.

II. EXPERIMENTAL SETUP

The LIS-OPA experimental layout is sketched in Fig. 1, which
is also used in LISe and BGS before [22], [30]. This study
investigated the optical parametric amplification performance
of 3-5 pm in the LIS crystal. A mode-locked Nd: YAG laser
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Fig. . Experimental setup of the LIS-OPA.

system (EKSPLA: PL2251A) was used as the pump source.
The pump wavelength is A;, = 1064 nm and the pulse duration
is 7 = 30 ps, with a repetition frequency set to f = 10 Hz.
The pump beam diameter was reimaged by a 2:1 telescope
from 10 mm to 5 mm. Then the pump laser was split into
two energy-adjustable branches using a combination of the
half-wave plate (HWP) and polarization beam splitter (PBS)
by changing the polarization of pump. The idler generated from
the double-pass KTP-OPG/OPA is used as a seed, which can
be tuned by rotating KTP and energy-adjusted by controlling
the ratio of the pump. The transmitted 1064 nm beam with an
adjustable energy via a suitable time delay was used as the pump
for the OPA. The time delay controlling of the pump is realized
by compensating the optical path difference between the pump
and the seed through a prism. Optimal time matching is achieved
by slightly adjusting the prism position and observing the idler
energy. The pump beam is collimated and mixed with the seed
beam through the dichroic mirror and enter the LIS with the
same beam diameter. We achieve transverse mode matching by
positioning the diaphragm so that the centers of the two beams
overlap. Subsequently, the pump is fine-tuned to achieve optimal
idler energy. The LIS crystal is mounted on a rotating bracket that
is used to calibrate the internal ¢ angle for PM. The Ge-filter
is used to sort out the residual pump and the amplified signal
from the idler as much as possible. A thermoelectric energy
sensor (OPHIR, PE10-C) was used to detect the idler energy. In
addition, since the spectrometer for MIR at 10 Hz is difficult to
acquire, we measured the signal wavelength and determine the
idler wavelength based on the law of conservation of energy.

LIS has a Wurtzite-type (5-NaFeOs) structure. It belongs
to the orthorhombic symmetry of the mm2 point group. LIS
is a negative biaxial crystal, at longer wavelengths it can be
regarded as quasi-uniaxial [17]. And the LIS sample used in
our experiment were tested to have an absorption coefficient
of 0.46 cm~!. In 2014, new Sellmeier equation for LIS were
reported, and the PM characteristics can be calculated by (where
the wavelength A is in micrometers) [31]:
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Fig. 2. The wavelength dependence of the idler from 3.28 to 5.50 pm for
LIS-OPA at a fixed pump energy of 8.8 mJ.
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We calculated the PM curve of LIS crystal at pump wavelength
of 1064 nm using (1). Subsequently, the sample employed in
the experiment was cut in the X-Y plane at § = 90°, ¢ = 45°
for type-II interactions with a maximum effective nonlinearity
degr = 6.5 pm/V. The LIS sample is 6.5 mm X 5 mm in aperture
and 4 mm along the propagation direction. The wider transverse
aperture of 6 mm is engineered to extend the angular adjustment
range for PM. At the same time, optically polished in both end
faces without coating.

III. RESULTS AND DISCUSSION

The wavelength dependence of the idler was investigated by
simultaneously tuning the seed wavelength and the incidence
angle of the LIS crystal to satisfy the PM conditions. At a fixed
pump energy of 8.75 mJ, the idler energy versus MIR wavelength
plotted in Fig. 2. The system could deliver a maximum idler
energy of 113.5 uJ at 4.70 pm, the characteristic enhancement
at normal incidence due to the attenuated Fresnel losses. The
tuning range from 3.28 to 5.50 ;sm was obtained. The absorption
by atmospheric molecules (such as water) contributes to the
reduction at 4.0-4.5 pm and 5.50 pm, the decrease in long
wavelength is associated with a decrease in parametric gain. LIS
crystal can’t achieve higher conversion efficiency than BGSe,
which is related to the difference of the nonlinear coefficients
[32]. In addition, by further increasing the pump energy and
optimizing the crystal length, LIS is expected to generate higher
energy than LISe after 4.70 um [22]. Meanwhile, we measured
the PM angle of LIS-OPA. It can be seen in Fig. 4 that the
experimental data of LIS-OPA are in good agreement with the
calculations based on the Sellmeier equation in [31].

In the experiment, the idler wavelength is 4.70 pym at the
normal incidence, we investigated the effect of the seed level
on the idler energy, and the seed energy was kept at 200 zJ.
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Fig. 3. Idler energy of the LIS-OPA at 4.7 um (normal incidence, 6 = 90°,
(p = 45°) versus pump energy at 1064 nm.
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Fig. 4. Tuning wavelength of the OPA versus internal angle. Symbols are
experimental data of LIS-OPA and curves are simulation results of LIS, LISe,
BGSe, AGS, LGS, and HGS.

Fig. 3 shows the idler energy at4.70 pm versus the pump energy,
corresponding to the signal wavelength of 1375 nm. It can be
seen from Fig. 3 that the idler energy increases monotonically
with the pump energy. The optimized pump-to- idler photon
conversion efficiency was 6.36%, under the pump energy of
11.5 mJ, after which the conversion efficiency saturates. This
may be because the parametric gain of 4 mm LIS crystal is close
to saturation. At the maximum pump energy of 12.5 mJ, the
highest idler energy of 179.4 11J was obtained. Since the LIS
crystal was not coated, the Fresnel loss was considered.

In addition, Table I shows a comparison of the parameters of
some NLCs that have achieved continuously 3-5 ymusing 1 pm
pump in recent years. AGS has the lowest residual absorption,
but due to the poor thermal conductivity, low LDT, and ther-
mal expansion anisotropy, which leads to thermo-mechanical
stresses and is significant at high pump level, it is not suitable
for high repetition frequency and high energy [3], [4], [5].
In general, Ba compounds have a wider band gap than Ag
compounds. Usually, this is associated with higher damage
resistivity, hardness and thermal conductivity. In recent years of
research, BGSe have shown great potential for MIR generation,
the tuning range covers the entire MIR band at a low repetition
frequency. However, limited by the low thermal conductivity,
the research under high repetition frequency and high average
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TABLE I
COMPARISON OF CRYSTAL PARAMETERS WHICH HAVE ACHIEVED TUNED 3-5
M BASED ON 1 uM Pump

Transmission range Band gap Nonlinear Thermal conduct.
/pm /ev coefficient / pm- V! /W-mK™*
d;, =8
—13 2 2 5
AGS 0.47-13 2.76 =19 15
dy, =243
L 2 " 56—0.74
BGSe 0.47-18 2.64 dyy =204 0.56—0.74
d; =58
32— 5 . —
LGS 0.32—11.6 4.15 dy =51 6-8
HGS 0.55-13 2.79 dy =272 2.31-236
LISe 0.45-14 2.86 d;; =16 5
d;; =72
34-132 3.5 o
LIS 0.34—-13.2 3.59 dy=53 7.6

pump power is still in exploratory stage. When the 1064 nm
is utilized as the pump, the repetition frequency of the pump
laser in existing reports is generally below 1 kHz [2], [6], [7],
[8], [331], [10], [11]. For LGS crystal, which have high LDT
and thermal conductivity, many MIR generated under kHz or
MHz pump have been reported, and the large bandgap makes
it suitable for using 1 pm pump. However, due to its small
geometrical size, the gain length is shorter under ns pump
condition, resulting in lower idler energy. In addition, LGS
has an obvious absorption peak near 8§ pm, the transmittance
decreases significantly, which makes it unsuitable for LWIR
generation [12], [13]. HGS competes directly with AGS because
the similar transparency windows. It has a significant advantage
over the AGS due to a nonlinear coefficient dsg that is about 1.8
times higher. Also, the band gap of HGS is slightly increased
compared to AGS, which results in a slight increase in the
damage resistivity. However, due to the presence of multiple
phases in HGS, oriented seeds cannot be used, making it difficult
to grow large sizes [14], [15], [16]. The transmission range of
LIS is 0.34-13.2 pm, which has a shorter upper limit than that
of BGSe (0.47-18 pum), LISe (0.45-13.7 pum), AGS (0.47-13
pm), and HGS (0.55-13 pm). Therefore, LIS is conducive to
using the well-established 1 pm pump source and frequency
down-conversion technology to obtain the MIR radiation. LISe
has a higher nonlinear coefficient than LIS and has a higher
conversion efficiency when used for MIR generation [24], [25],
[26], [31], [33], [34], [35]. Despite the low idler energy achieved
at this stage, both LIS and LISe have the potential to be applied
for high repetition frequency and high power due to their high
thermal conductivity and low thermo-optic coefficient [18], [19],
[20], [21], [22]. In conclusion, optimizing the optical quality of
NLCs as well as improving the performance of the pump source
has the great impact on enhancing the performance of MIR laser.

Furthermore, we have plotted the PM curves of LIS (type-II
in XY plane), LISe (type-1I in XY plane), BGSe (type-1 in XZ
plane), AGS (type-I in XZ plane), LGS (type-II in XY plane),
and HGS (type-I in XZ plane) in Fig. 4. It should be noted that
the PM type chosen in the simulation is the one which they can
generate 3—5 ;ym with the maximum d .. The pump was selected
as 1064 nm based on the experimental program. The curves of
tuning angle versus parametric wavelength were theoretically
compared. In comparison, BGSe can realize wider idler with the
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narrowest angular range. Theoretical simulations show that LIS
has an advantage in generating 3—5 pm MIR radiation compared
to LISe, which is unable to achieve laser output below 3.2 pym.
In fact, in the previous study of LISe using this system, the idler
wavelength range achieved was 3.6—4.8 um [22].

IV. CONCLUSION

In summary, we investigate the performance of LIS crystal in
the 3—5 pm range using frequency down-conversion technique
with ps 1064 nm pump source. Under a fixed pump energy of
8.75 mlJ, the idler energy is 72.2 pJ at 3.28 pm and 63.3 pJ at
5.50 pm. Moreover, the maximum idler energy at4.7 pum was ob-
tained to be 179.4 1J 1J under a pump energy of 12.5 mJ, and the
optimized pump-to-idler photon conversion efficiency is 6.36%.
Some parameters and PM curves of LIS, BGSe, LISe, AGS, and
LGS are compared, and the advantages and bottlenecks of them
are further summarized. With the improved optical quality of the
LIS crystal and further experimental optimization, it is attractive
for OPAs and OPOs pumped by established high-power ~1 ym
lasers for generating MIR.
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