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Abstract: Ultrafast mid-infrared (mid-IR) lasers with a high pulse repetition rate are in great demand
in various fields, including attosecond science and strong-field physics. Due to the lack of suitable
mid-IR laser gain medium, optical parametric amplifiers (OPAs) are used to generate an ultrafast
mid-IR laser. However, the efficiency of OPA is sensitive to phase mismatches induced by wavelength
and temperature deviations from the preset points, which thus limits the pulse duration and the
average power of the mid-IR laser. Here, we exploited a noncollinear phase-matching configuration to
achieve simultaneously wavelength- and temperature-insensitive mid-IR OPA with a LiGa$S, crystal.
The noncollinearity can cancel the first-order dependence of phase matching on both wavelength
and temperature. Benefitting from the thermal property of the LiGa$S, crystal, some collinear phase-
matching solutions derived from the first-order and even third-order wavelength insensitivity have
comparatively large temperature bandwidths and can be regarded as approximate solutions with
simultaneous wavelength and temperature insensitivity. These simultaneously wavelength- and

check for
updates temperature-insensitive phase-matching designs are verified through numerical simulations in order
Citation: Hu, Z.; Ma, J. to generate few-cycle, high-power mid-IR pulses.

Simultaneously Wavelength- and

Temperature-Insensitive Keywords: mid-infrared lasers; ultrafast lasers; optical parametric amplification; LiGaS; crystal
Mid-Infrared Optical Parametric

Amplification with LiGaS, Crystal.
Appl. Sci. 2022, 12, 2886. https://

doi.org/10.3390/app12062886 1. Introduction

Academic Editors: Tongyu Dai and Mid-infrared (mid-IR) lasers are important for the fields of research, industry, and
Alessandro Belardini medicine. In particular, ultrafast intense mid-IR lasers are in great demand in attosecond sci-
Received: 20 December 2021 ence due to the AZ—scaling law in the high-order harmonic generation (HHG) process (cutoff
Accepted: 9 March 2022 frequency « A?, pulse duration & A~2) [1]. Mid-IR laser-driven HHG can generate shorter
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ever, compared with generating visible and near-IR lasers directly from laser oscillators
or amplifiers that are well developed and even commercialized, the generation of mid-IR
lasers is much more difficult due to the lack of suitable laser gain materials, especially in
the range beyond 3 pum [3]. Therefore, nonlinear optical parametric amplification (OPA) has
become the popular route for generating mid-IR lasers [4,5]. Different from laser amplifiers,

® OPA has to satisfy the phase-matching (PM) condition for efficient energy transfer from
the pump to signal. PM is commonly enabled by the aid of birefringence in nonlinear
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However, non-oxide crystals usually exhibit a stronger absorption than matured oxide crys-
tals (e.g., at 2 um: B-BBO, ~0.07 cm~! [7]; LiGaS,, ~0.47 cm ™! [8]; ZnGeP,, ~0.15 cm ™! [7]).
As near-IR OPAs with 3-BBO crystals have suffered from a thermal effect under an average
power of several tens of watts [9,10], the mid-IR OPA with non-oxide crystals will also
face thermal issues in future high average power operations, although current low-power
experiments have not encountered this problem [11-17].

In this study, we focus on the semiconductor LiGaS; crystal, which has been popular
in recent years because it has a high transparency from 0.32 to 11.6 pm (at the 5 cm ™!
absorption level), covering both the near-IR pump source around 1 pm and the mid-IR
output beyond 10 um [8]. Compared with other promising non-oxides (e.g., BaGasSy),
LiGaS; has a relatively large absorption across its transparent range. For example, the
absorption coefficient at 1 pm is 0.51 cm~! for LiGaS, [8], but <0.1 cm ™ for BaGaySy [18]. In
addition, the effective nonlinear coefficient of LiGaS, is moderate (~5 pm-V‘1 [19]), much
lower than that of AgGaS, (~12 prn-V’l [20]), BaGasSey (~20 prn-V’l [20]), and ZnGeP,
(~70 pm-V’l [7]). This means that a longer LiGaS; crystal may be needed to achieve efficient
amplification, which not only sacrifices gain bandwidth, but also aggravates heat load.
Therefore, it is necessary to develop PM with simultaneous wavelength and temperature
insensitivity for future LiGaS,-based high-power OPA processes. Unfortunately, there
have been few studies on the thermal properties of PM in LiGaS; crystal, with very little
consideration of simultaneous wavelength- and temperature-insensitive PM.

This article aims to reveal the possible PM solutions with simultaneous wavelength
and temperature insensitivity for mid-IR OPA with LiGa$S, crystals in both noncollinear and
collinear PM configurations. By tuning the PM parameters such as signal wavelength and
crystal temperature, the noncollinear angles corresponding to the wavelength-insensitive
PM (WIPM) and temperature-insensitive PM (TIPM) can overlap, creating a simultaneous
wavelength- and temperature-insensitive PM (WTIPM). Second-order and third-order
WIPMs are found in LiGaS;-based OPA. Interestingly, such high-order WIPMs also possess
large temperature bandwidths, stemming from the good thermal properties of the LiGaS,
crystal. Detailed design principles and all possible solutions for WTIPM will be introduced
in Section 2 through theoretical analyses. In Section 3, the solutions of WTIPM and the third-
order WIPM will be numerically applied to build mid-IR optical parametric chirped-pulse
amplification (OPCPA), and the simulated large wavelength- and temperature- bandwidths
will be used to validate the theoretical PM designs.

2. WTIPM Solutions for LiGaS,-Based OPA
2.1. PM Design and Manipulation

In OPA, a low-frequency signal light (angular frequency ws) can be amplified by a
high-frequency pump light (angular frequency wyp, and wp, > ws). Governed by the energy
conservation law, an idler light is also generated in this process, with an angular frequency
of w; = wp — ws. Under the assumption that the pump cannot be depleted by conversion to
the signal and idler, the small-signal gain that the signal light experiences is as follows [21]:

2
G= 1+§2sinh2(gL), 1)
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where ¢ = /T2 — AT T2 = M, Ak =k, — ks — k; is the wave—vector mismatch
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and the kj depends on the refractive index n; by kj = njw;/c (c is the light speed in vacuum),
gy is the permittivity of the vacuum, I, is the pump intensity, and d is the effective
nonlinear coefficient. From Equation (1), the small-signal gain is maximized under a perfect
PM condition (or momentum conservation condition), where Ak =kp — ks — k; = 0. If the
phase mismatch is large, the small-signal gain will decrease significantly. Hereinafter, the
gain bandwidth (AA denotes wavelength bandwidth, AT denotes temperature bandwidth)
is defined as the full width at half maximum (FWHM) of the gain profile. The necessary
PM environment can be created in a nonlinear crystal with the aid of birefringence.
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In a broadband OPA, however, it is difficult to achieve the perfect PM condition for
all the wavelength components because of the dispersion of the refractive index. Such a
wavelength-dependent phase mismatch can be expressed by the Taylor expansion of Ak
against the signal wavelength As,
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where Akj represents the phase mismatch among the central wavelength of three waves,
and AAg = As — Ay is the wavelength deviation from the central wavelength Agy. Normally,
the condition of Aky = 0 can be easily fulfilled by tuning the PM angle. To enlarge the
wavelength bandwidth, the first-order derivative term in Equation (2) should be made zero,
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This corresponds to the first-order WIPM condition. In this case, the wavelength
bandwidth of PM is determined by the second-order derivative term in Equation (2). The
first-order WIPM solutions can be found in collinear configuration and are only limited
to several specific central wavelengths [12]. Instead, such first-order WIPM solutions
are widespread under a noncollinear configuration (Figure 1b), because the noncollinear
interaction introduces more degrees of freedom in the PM manipulation. Therefore, the
noncollinear configuration has been widely adopted in broadband OPA and OPCPA sys-
tems [22-25].

As the refractive index of the nonlinear crystal is also a function of temperature, the
PM condition becomes worse when there is a significant temperature rise in the nonlinear
crystal under high-power operation. Similar to Equation (2), we can expand Ak against the
crystal temperature T:

AkZAko-F@

e [(AT)Z], (4)

T=T,

where AT =T — T is the temperature deviation from the preset temperature Ty. The
first-order TIPM condition can be expressed as,

oAk
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In a collinear PM configuration, this condition may be fortunately satisfied under a
specific wavelength in a specific crystal. Inspired by the noncollinear WIPM, some works
have tried to realize TIPM using a noncollinear configuration in the near-IR OPA [26-28].

Furthermore, the WTIPM condition can be achieved if the first-order derivative terms
of Ak in Equations (3) and (5) can both satisfy the following:

dAk
0As
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In this situation, a good PM condition can be ensured, even under large deviations of
wavelength and temperature. However, the conditions given in Equation (6) are difficult to
fulfill in a collinear configuration. Even in a noncollinear configuration, the noncollinear
angles corresponding to the WIPM (Equation (3)) and TIPM (Equation (5)) are usually
different from each other, so it is difficult to fulfill WTIPM by using single noncollinear
angle «. To this end, more control degrees of freedom must be introduced, which means that
the WTIPM may exist under appropriate combinations of multiple PM parameters, such as
the noncollinear angle a, PM angle 6 (or ¢), pump wavelength A, signal wavelength As,
and preset temperature T. For A;, between 1 um and 2 pm, we evaluated several widely
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used mid-IR crystals (e.g., AgGaS,, AgGaSe;, BaGasSy, BaGasSey, ZnGeP», and LiGaS,)
and found the WTIPM solution only in the LiGaS, crystal.

2.2. Collinear WTIPM Calculations

In the following PM calculations, the adopted Sellmeier equations and thermo-optic
dispersion for the negative biaxial LiGaS, crystal were taken from [29]. According to these
equations, we plotted the dependence of both the refractive index n and its first-order
derivative against temperature drn/9T on the wavelength from 1 to 10 pm, as shown in
Figure 1c. As far as we know, all current nonlinear frequency conversions with LiGaS,
crystal adopt a collinear PM (i.e., « = Q3 = 0 in Figure 1b); thus, the collinear configuration
was firstly evaluated for possible TWIPM solutions. We calculated the dispersions of
both dAk/dAs and dAk/9T for a LiGaS,-based OPA under both Type-I PM in the XZ plane
and Type-II PM in the XY plane. The signal wavelengths were scanned from 3 to 10 um.
Two pump wavelengths of 1030 nm (Figure 2a) and 2060 nm (Figure 2b) were adopted,
corresponding to the Yb-based and Ho-based high-power lasers, respectively. To show the
wavelength and temperature tolerance, we also calculated the small-signal gain according
to Equation (1) by tuning the wavelength and temperature, as shown in Figure 2c—f.

In the common pump case of A, = 1030 nm (Figure 2a), two WIPM solutions
(0Ak/0As = 0) were found at As = 7.8 pm for Type-I PM and 8.6 um for Type-II PM
under the preset temperature of 323 K (50 °C). However, there was no TIPM solution
(0Ak/dT = 0) in the studied signal wavelength range from 3 to 10 um. Therefore, although
large wavelength bandwidths of 1.25 pym (As = 7.8 pm) and 1.2 pm (As = 8.6 um) could
be achieved with the two WIPM solutions, their temperature bandwidths were limited
to 72 K and 100 K, respectively (Figure 2c,d). As dAk/dT # 0, the PM wavelength would
change once the temperatures deviated from the preset temperatures. For the type-I PM
in the XZ plane (Figure 2c), the PM wavelengths would shift from the WIPM solutions
toward short-wavelength and long-wavelength directions with the increase in temperature,
while the PM condition was no longer satisfied when the temperature was below the preset
temperature. The type-II PM curve in the XY plane evolved in the opposite direction from
the type-I PM in the XZ plane (Figure 2d), which originated from the opposite sign of
9dAk/9T for the two WIPM solutions. These calculations suggest that the current 1 pm-
pumped OPA and OPCPA systems with the collinear WIPM solutions are not suitable in
high average-power applications.
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Figure 1. (a) Transmission spectrum of a 10 mm-thick LiGaS; crystal cited from the free SNLO
software [8,30], which eliminated the influence from the Fresnel reflection. (b) Schematic for non-
collinear PM in LiGa$; crystal. The kp,, ks, and k; are the wave-vectors of the pump, signal, and idler,
respectively. The PM angle 0 (¢) is defined by the angle between kp, and the crystal Z (X) axis in the
XZ (XY) plane. The noncollinear angle « (Q2) refers to the angle between ks and kp, (k;). For collinear
PM, a = Q) = 0. (c) Dispersion of the principle refractive index (solid) and the first-order derivative of
principle refractive index against the temperature (dashed) of the LiGaS, crystal. Blue, red, and green
curves refer to the parameters in the principle axes of X, Y, and Z, respectively.
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In the other pump case of A, = 2060 nm (Figure 2b), the Type-I PM had a degenerate
WIPM solution at Ag = 4.12 um, while the Type-II PM had a nondegenerate solution at
As = 6.5 um. For the type-II PM in the XY plane, no TIPM solution existed (blue dashed
curve in Figure 2b), meaning that the temperature bandwidth was limited (Figure 2f),
similar to those in the 1 pm pump case. Surprisingly, the type-I PM in the XZ plane
exhibited very broad temperature bandwidths, and the PM wavelengths only showed
a slight shift when the temperature increased from the preset temperature to 200 °C, as
shown in Figure 2e. This is because the WIPM solution of As = 4.12 pm for the type-I
PM in the XZ plane lay between two TIPM solutions of As = 3.27 um and 5.56 um (red
dashed curve in Figure 2b). As the value of dAk/9T at A5 = 4.12 um was also quite close to
zero, such a collinear degenerate WIPM solution for the type-I PM in the XZ plane could
be regarded as an equivalent WTIPM solution and could be chosen to build high-power
mid-IR OPA and OPCPA.
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Figure 2. (a) Dependences of dAk/0As (solid curves) and dAk/9T (dashed curves) on A for a LiGaS;-
based collinear OPA with Ap = 1.03 pm and Ty = 323 K. Red curves, Type-I PM in the XZ plane;
blue curves, Type-Il PM in the XY plane. (b) Same as (a), but with A, = 2.06 um. (c—f) Small-signal
gain as a function of As and temperature T with crystal length L = 10 mm and peak pump intensity
I, =5 GW-cm~2: (c) Type-I PM in XZ plane, Ap = 1.03 um, 6 = 51.3%, ¢ = 0°, deg = 4.5 pm-V~};
(d) Type-Il PM in XY plane, Ap = 1.03 um, 6 = 90°, ¢ = 36.8°, deg = 5.5 pm-V_l; (e) Type-IPM in XZ
plane, Ap =2.06 um, 0 =53.8°, ¢ = 0°, degr = 4.7 pm-Vil; (f) Type-Il PM in XY plane, Ap = 2.06 pum,
0=90° ¢ =44.5° dog =55 pm-V1.

2.3. Noncollinear WTIPM Calculations

Here, we tried to find possible WTIPM solutions in a noncollinear OPA. In the collinear
mid-IR OPA discussed in Section 2.2, the mid-IR light could either be seeded as a signal or
generated as an idler because the two geometries were equivalent for the PM calculation.
However, the two geometries were different in noncollinear OPA. If the mid-IR light was
the idler of noncollinear OPA, it would be angularly dispersed. To avoid this, we only
considered the noncollinear OPA geometry with the mid-IR light seeded as the signal.
According to Equations (3) and (5), the noncollinear angle « could be used to achieve WIPM
and TIPM, respectively; however, the two noncollinear angles are usually not equal. The
WTIPM solution can only exist under some specific pump and signal wavelengths. Taking
Type-I OPA in the XZ plane with A, =2.06 um as an example, we calculated the noncollinear
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angles for WIPM and TIPM, respectively, as shown in Figure 3a. A WTIPM solution was
found at As = 5 pm, where WIPM and TIPM corresponded to the same noncollinear angle
of ~2.9°. For other signal wavelengths, however, the WIPM and TIPM could not be fulfilled
simultaneously under the same noncollinear angle. For the strict WTIPM solution, the OPA
could provide a broad gain bandwidth from 4.6 to 5.6 um, and could almost maintain the
same gain, even when the temperature varied from 0 to 200 °C (Figure 3b). Such strict
noncolinear WTIPM solutions exist in other pump wavelengths, as shown in Figure 3c,d.
The WTIPM signal wavelength can be tuned from 2.16 to 2.35 pum (Figure 3c) and from
4.73 to 5.07 pm (Figure 3d) when the pump wavelength varies from 1.17 to 2.4 um. Note
that there is an end to the WTIPM solution at around Ap = 1.53 um, with the noncollinear
angle o decreasing to 0 at this point. As & < 0 is nonsense, there was not any solution in the
short-wavelength range when A, > 1.53 um (Figure 3c) or in the long-wavelength range
when Ap < 1.53 um (Figure 3d). As a result of their large temperature bandwidth, these
WTIPM solutions were not sensitive to changes in the preset temperature, as shown in
Figure 3c,d. The calculations in Figure 3 show the potential of noncollinear configuration
in the design of high-power ultrafast mid-IR OPA and OPCPA.
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Figure 3. (a) Dispersion of a noncollinear angle corresponding to WIPM (blue curves) and TIPM (red
curves) in a LiGaS;-based OPA with A, = 2.06 um, Ty = 323 K. The intersection point (A5 = 5 pm,
=29 60=50.9° ¢ =0, and deg = 4.5 pm-V~1) represents the WTTPM solution. (b) Small-signal
gain as a function of signal wavelength and temperature around the WTIPM point (a) with crystal
length L = 10 mm and peak pump intensity I, =5 GW-cm™2. (c) Signal wavelength solution for
WTIPM when the pump wavelength varies from 1.17-1.53 um. (d) Signal wavelength solution for
WTIPM when the pump wavelength varies from 1.53-2.4 um. Blue, red, and green curves represent
the results at the preset temperatures of 293 K, 323 K, and 353 K, respectively.

According to Equation (2), the wavelength bandwidth may be further expanded if
9%2Ak/0As2 = 0 is also fulfilled on the basis of 9Ak/9As = 0. We termed this PM second-order
as WIPM. Usually, it is more difficult to achieve TIPM and second-order WIPM simul-
taneously, so we first explored the solution of second-order WIPM and then evaluated
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its temperature bandwidth. In the common pump case of 1030 nm, we calculated the
WIPM solutions (blue curve in Figure 4a) and their corresponding 9>Ak/dAs2 (red curve in
Figure 4a). A second-order WIPM solution was found at As = 1.6 pm. Interestingly, this
solution also possessed a large temperature bandwidth of ~100 K, as shown in Figure 4c.
Similar to the tuning of the WTIPM solution with a pump wavelength (as seen in Fig-
ure 3c,d), here, the second-order WIPM solution could also be tuned by varying the pump
wavelength, as shown in Figure 4b. In the process of tuning, we also checked the value of
9 Ak/9M¢ and found a third-order WIPM solution (83Ak/ oA = 0) at Ap = 1.65 um and
As = 3.3 um. This third-order WIPM solution was actually a collinear solution because the
noncollinear angle became zero. This corresponds to the famous case of critical wavelength
degeneracy (As = 2A;) [25], in which all odd-order derivative terms in Equation (2) are
eliminated. As a result, the wavelength bandwidth could be as large as ~2 pm around
As = 3.3 um; interestingly, the temperature bandwidth was also quite large (Figure 4d). The
large temperature bandwidth for the third-order WIPM was due to the thermal properties
of the LiGa$5; crystal. Therefore, the third-order WIPM solution could also be regarded as an
approximate WTIPM solution. In practice, the use of this collinear solution for third-order
WIPM, a small noncollinear angle (~0.5°) between the pump, and signal beams should be
introduced to split the signal and idler after OPA. This small-angle noncollinearity would
not have a significant effect on the signal amplification.
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Figure 4. (a) Dispersion of 02Ak/9As2 (red curve) and the noncollinear angle for WIPM (blue
curve) in a LiGaS;-based OPA with Ap = 1.03 pm, T = 323 K. 92Ak/9AgZ = 0 at Ag = 1.6 pm,
corresponding to the second-order WIPM (6 = 38.2°, ¢ = 0°, and de = 3.6 pm-Vﬁl). (b) Signal
wavelength for the second-order WIPM (blue curve) and 93 Ak/9A® (red curve) versus pump wavelength.
BAk/IAS =0 at Ap =1.65 pum and Ag = 3.3 um, corresponding to the third-order WIPM (6 = 54.1°,
@ =0°and degg =4.7 pm‘V_l). (c) Small-signal gain as a function of signal wavelength and temper-
ature around the second-order WIPM point in (a) under crystal length L = 10 mm and peak pump
intensity I, =5 GW-cm~2. (d) Small-signal gain as a function of signal wavelength and temperature
around the third-order WIPM point in (b) under crystal length L = 10 mm and peak pump intensity
Ip =5GW-em ™2,



Appl. Sci. 2022,12, 2886

8of 13

3. Numerical Simulation and Discussion
3.1. Simulation Code

Different from the theoretical analysis shown in Section 2, here, we try to evaluate
the performance of the above WTIPM solutions in mid-IR OPCPA through numerical
simulations: one is the strict WTIPM solution at Ap = 2.06 um and As = 5 um, while the
other is the approximate WTIPM solution at A, = 1.65 um and As = 3.3 um, which in
fact is a solution of third-order WIPM. Both solutions belong to the Type-I PM in the
XZ plane of LiGaS, crystal, but the former one is a noncollinear solution and the latter
is a collinear solution. In this section, we consider the effects of dispersion, walk-off,
diffraction, absorption, and Gaussian pulse and beam profiles. Under the slowly varying
envelope approximation, the coupled-wave equations that govern the mid-IR OPCPA are
as follows [31],

. ) i 2A. 2A. 6 n—1 nA. ) . )
dA; E)Al ] (a Ay 0 121) + ] " A; _ _].(U]deff A:ApefjAkOZ _ %Ai/ (7)
n=1

9z " Figy 2k \ ox2 + Ay PIIRLPYT nic
dAs ] [PAs N 92 As N i N A wsdett g, inke s, ®)
0z 2k \ ox2 dy? = ! Tns 5m ] nee 1P 2%
0A 0A i (92A, %A 6 mn=1  gnA wpd ,
P p_ ] P P J P _ _ Wpleff idkoz _Tp
0z Prox 2kp< dx? + dy? >+n21 PTRA PTT / fpC Ashie 2 Ap, )

where Ap, is the complex envelope, p; (4.8° for strict WTIPM and 0° for third-order WIPM)
is the intersection angle between ks and k;, pp (4.0° for strict WTIPM and 1.1° for third-order
WIPM) is the sum of the intersection angle and walk-off angle, and v, = 0k}, /dw;;, is the
n-order dispersion coefficient. #, is the intensity absorption coefficient for wave m (m =s,
i, and p, referring to the signal, idler, and pump, respectively), which can be obtained
from Figure 1a (e.g., 0.45 cm~1 at 1.65 um, 0.47 cm~1 at 2.06 um, 0.23 cm~1at3.4 um, and
0.18 cm~! at 5 um). The signal transmits along the longitudinal direction z, while x and y
mark the two transverse directions. The walk-off is assumed to occur in the XZ plane for
the three waves.

The absorption of three waves will heat the crystal, and the heat will be conducted from
the crystal center to surroundings. In our simulations, we assumed that the crystal’s lateral
surface was in good contact with a heat sink of constant temperature (T = 293 K), while the
two end surfaces were directly exposed to air (T, = 293 K). The temperature distribution
in the crystal was determined by a heat transfer equation and boundary conditions [32]:

2T plp + 77;15 + 77111, (10)
oT
“orl, h(Tr=c — To), (11)
aT
KET = hz(Tz:O,L - Tair)r (12)
Zlz=0,L

where ¥ = 6 W-(m-K)~! [33] is the thermal conductivity, h; = 400 W-m~2.K~1 [10] is
the assumed heat convection coefficient between the crystal and a copper heat sink
(the temperature of crystal’s lateral face will be fixed at 293 K if i is large enough),
hy =10 W-m~2.K~! [34] is the heat convection coefficient between the crystal and the air,
I is the pulse intensity of light m, 0 = 7.5 mm is the radius of a round crystal aperture, and
L is the crystal length. A LiGa$S, crystal with a size of $15 x 12 mm? is commercially avail-
able now, and larger sizes have been reported in the literature [8,35]. Due to the moderate
nonlinear coefficient, two relatively long crystals of 10.5 mm and 8 mm were chosen for the
two simulation examples in Section 3.2, respectively, where the peak signal efficiency could
be achieved. The seeded mid-IR signal was assumed to have a bandwidth equal to the
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gain bandwidth of each solution given in Section 2 (i.e., AA =1 um for strict WTIPM and
AA = 2.1 um for third-order WIPM), which is large enough to measure the amplification
bandwidth of OPCPA. This broadband seed was chirped into a Gaussian pulse with a pulse
duration of 10 ps (FWHM) and a beam radius of 5 mm (FWHM). The pump had the same
pulse and beam profiles as the chirped signal. Before OPA, the peak intensities of the pump
and chirped signal pulses were 5 GW-cm 2 and 0.05 GW-cm ™2, respectively.

The coupled-wave equations (Equations (7)—(9)) were solved by the split-step Fourier
transform and fourth-order Runge—Kutta methods, while the thermal transfer equations
(Equations (10)—(12)) were solved by the finite difference method. Calculations of coupled-
wave and thermal transfer equations were conducted in an alternating manner until a
stable temperature distribution in the crystal was reached.

3.2. Results and Discussion

In our simulations, the signal and pump were assumed to have the same repetition
rates and their pulse energies were fixed at 0.15 mJ and 15 m], respectively. The heat load de-
pended on the repetition rate. Due to the lack of experimental data on the allowable tensile
stress or fracture temperature for the LiGaS, crystal, here, we controlled the temperature
difference within the crystal with a maximum of 100 K. Therefore, the pulse repetition rate
was set at 5 kHz, corresponding to a pump power of 75 W. In the following, we conducted
the simulation by assuming a constant temperature of 293 K in the lateral face of crystal
(equivalently, 1 is infinite), and also presented the efficiency evolutions along the crystal
under hy = 400 W-m~2.K~! for comparison.

The strict WTIPM solution at A, = 2.06 um and As = 5 um, as shown in Figure 3a, was
simulated first. A signal with a very broad signal spectrum around 5 um was seeded (black
curve in Figure 5¢). Figure 5a shows the temperature distribution within the crystal. The
maximum temperature appeared at the front of the crystal because the absorption of the
2.06 um pump light was larger than for the signal and idler (Figure 1a). With the depletion
of the pump light, the temperature in the crystal center decreased from 390 K (front surface)
to 357 K (back surface). Figure 5b shows the evolution of the conversion efficiency within
the crystal. The signal efficiency grew at first and then dropped after reaching a peak of
~12% at L = 10.5 mm (red curve in Figure 5b). The conversion efficiency was lower than the
quantum-limited efficiency of ~40% due to the Gaussian pulse profiles and the inherent back
conversion effect [36]. In order to judge the influence of the thermal effect on the conversion
efficiency, we also simulated the same OPCPA process under h; =400 W-m~2-K~! (pink
curve in Figure 5b) and without considering the crystal absorption (blue curve in Figure 5b).
The three efficiency curves overlapped quite well, suggesting that the temperature increase
in the crystal had almost no effect on the conversion efficiency. Such behavior can be
expected from the large temperature bandwidth of WTIPM solutions. The simulated signal
spectra with and without considering the thermal effect were also identical and close to the
calculated small-signal gain profile, as shown in Figure 5c. Such a spectral bandwidth was
comparable or even larger than that reported in 5 pm OPCPA with ZnGeP; crystals [16,17].
After compression, the amplified mid-IR spectrum supported a pulse duration of 59 fs
(Figure 5d), corresponding to about 3.5 cycles at 5 um.

The simulation results achieved for OPCPA with the third-order WIPM solution of
Ap = 1.65 um and Ag = 3.3 um are shown in Figure 6a-d. Due to the similar absorption
of the pump, signal, and idler, the temperature distribution within the crystal (Figure 6a)
resembled that shown in Figure 5a. The peak conversion efficiency in this case (Figure 6b)
was larger than that in Figure 5b due to the larger quantum efficiency. As the third-order
WIPM solution is not a strict WTIPM solution, the thermal effect had some influence
on the conversion efficiency, especially in the case of & = 400 W-m~2-K~! (Figure 6b).
The narrowing of the amplified signal spectrum due to the thermal effect was minor and
insignificant (Figure 6¢). The large amplification bandwidth from the third-order WIPM
supported a shorter pulse of ~16 fs (Figure 6d), corresponding to sub-two cycles at 3.3 um.
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Figure 5. Simulation results for mid-IR OPCPA with WTIPM given in Figure 3a. The lateral surface
of the crystal is assumed with a constant temperature of 293 K. (a) Temperature distribution in the
xz plane of the crystal. (b) Conversion efficiency versus crystal length with (red) and without (blue)
considering the thermal effect. Pink, the crystal’s lateral surface contacts with a heat sink of constant
temperature 293 K under /7 = 400 W-m~2-K~1. (c) Signal spectra before OPCPA (black) and after
OPCPA with (red) and without (blue) considering the thermal effect. The small-signal gain profile
with L = 10 mm is shown as a green curve. (d) Compressed pulse profile.

The amplified mid-IR few-cycle pulses in the above two cases reached ~9 W in average
power. Due to the adoption of WTIPM, the thermal dephasing effect was suppressed
significantly, as shown in Figures 5 and 6. Note that the absorption coefficients adopted
in the simulations were much larger than some of the recently reported results [34], so a
higher average power could be expected to be achieved by using a high-quality LiGaS,
crystal with a lower absorption. The average power scalability of mid-IR OPCPA was
ultimately limited by the thermal cracking of LiGa$S, crystal, which should be verified
experimentally in the future.



Appl. Sci. 2022,12, 2886

110f13

(rgm)

NX
(@]

o o o
~ o [

Nomorlized intensity (arb.units)
=)
o

Temperature (K)

L] 1 L]
380 15 _(b) —=—without thermal effect =
—T _ =293 K
=o
360 ~ —e—h, =400 W-m~2-K™"
X 1
<10
>
2
340 a
L
=
u 5
320
300 0 ] . ,
2 4 6 8 0 2 4 6 8
Crystal length (mm) Length (mm)
. T T T T N T ' ! -
(c) Input . 1 (d)
—s=—Qutput (no heat) 2
- _OUtpUt - % 08k -
____Small signal gain £
profile %
=06 At=16fs 7
c
]
=04
o
@
N
202
S
z
L L O
4 5 6 7 -100 50 0 50 100
Wavelength (um) Time (fs)

Figure 6. Simulation results for mid-IR OPCPA with the third-order WIPM given in Figure 4b.
The lateral surface of the crystal is assumed with a constant temperature of 293 K. (a) Temperature
distribution in the xz plane of the crystal. (b) Conversion efficiency versus crystal length with (red)
and without (blue) considering the thermal effect. Pink, the crystal’s lateral surface is in contact
with a heat sink with a constant temperature of 293 K under /; = 400 W-m~2.K"1. (¢) Signal spectra
before OPCPA (black) and after OPCPA with (red) and without (blue) considering the thermal effect.
Small-signal gain profile with L = 8 mm is shown as a green curve. (d) Compressed pulse profile.

4. Conclusions

In summary, we studied mid-IR OPA with simultaneous wavelength and temperature
insensitivity in a LiGaS; crystal through theoretical analysis and numerical simulations. A
strict WTIPM solution of As =5 um and A}, = 2.06 pum was found in noncollinear Type-I OPA
in the XZ plane of the LiGaS; crystal; this could be tuned by varying the pump wavelength.
Such a WTIPM solution can support 3.5-cycle 5 um OPCPA with a temperature bandwidth
beyond 200 K. In addition to the strict WTIPM solutions, two collinear WIPM solutions with
large temperature bandwidths were also discovered for the Type-I OPA in the XZ plane of
LiGa$; crystal: one was the first-order WIPM solution of As = 4.12 pm and Ap = 2.06 um,
and the other was the third-order WIPM solution of A5 = 3.3 um and Ay, = 1.65 um. The two
collinear solutions with a large temperature bandwidths could be treated as approximate
WTIPM solutions, and the third-order WIPM solution was numerically verified for building
a sub-two-cycle 3.3 um OPCPA. The WTIPM solutions given in this study will pave the way
towards achieving high-power ultrafast mid-IR OPA and OPCPA with the semiconductor
LiGaS; crystal.
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