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e 1964, Patel, the first CO; laser

e 1970, Beaulieu, TEA-CO, laser

o 1984, Youmans, Waveguide array CO, laser

e 1994, Faist&Capasso, the first QCL
e 1997, Faist, DFB-QCL at room temperature
e 2002, Beck, QCL of continuous wave operation

e 1972, Herbst, in CdSe crystal
e 1979, Oudar, in GaSe crystal
e 1996, Ketteridge, in ZGP crystal
© e 2002, Levi, in OP-GaAs crystal
e 2016, Maidment, in OP-GaP crystal
e 2016, Kostyukova, in BGSe crystal
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Fig. 2 Development of second-order nonlinear frequency conversion, CO, lasers, and QCL"""*"
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Optical properties of infrared nonlinear crystals

Nonlinear coefficient / Transparency . . . Damage threshold /
Crystal . Thermal conductivity /(W+m 'K ") .,
(pm-V~™") range /pm (MW-cm™)
ZnGeP,™ ™ d,=75 0.7-12 35 30
. 0.74(along a), 0.64(along ), 0.56
BaGa,Se; " dy=24.3, d,;=20.4 0.4-18 557
(along ¢)

CdSet "+ d,=18 0.75-25 6.9 56
GaSe'"* d,,=56 0.6-20 16.2 30

LiGaS,*" d,=5.8 0.32-11.6 8 =240
OP-GaAs'""™" d,,=94 0.85-19 55 38
OP-Gap!"™! d,,=70.6 0.57-12 110 104
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Table 2 Research progress of ZGP long-wave infrared lasers

Output Repetition rate /

Pulse

Year Apump /i wavelength /pm KHaz duration /ns Average power /W Structure Ref
2015 2.09 8 1 28 — OPO [51]
2016 2.09 8.1 21 36 5.04 OPO [52]
2016 2.09 8.3 20 34 8.2 OPO [53]
2017 2.05 7.8-9.9° 10 19.5 1.71 OPO [54]
2018 2.1 8.3 20 30. 4 11.4 OPA [55]
2019 2.09 8.2 10 21.5 12.6 OPO/OPA [56]
2020 2.09 9.2-11° 10 19.6 3.5@9. 8 pm OPO [57]
2021 2.05 8.1 10 27.1 3.2 OPO [58]
2021 2.1 8.2 1 8.1 3.15 OPO [59]
2021 2.1 8.2 3 <10 5.48 OPO [60]

Notes: “—wavelength tunable.
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Fig. 4 ZGP-OPO long-wave infrared laser”
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Table 3 Research progress of BGSe long-wave infrared lasers

Year Ay / M0 Output Repetition rate Puls.e Average power or Structure Ref.
wavelength /pm duration energy
2016 1.06 2.7-17° 10 Hz 10 ns <4.5m] OPO [30]
2018 2.1 8-9° 1 kHz 16 ns 314 mW@S. 9 pm OPO [61]
2019 1.05 2.6-10.4" 100 Hz ns level 14 pJ@8 pm OPO [62]
2019 2.79 3.9-9.5 10 Hz 21 ns <3.5mJ OPO [63]
2020 1.06 8-14" 10 Hz 22.3 ps 230 pJ @9. 5 pm OPA [64]
2020 1.06 8-14" 10 Hz 10. 1 ns 1.05 pJ@11 pm OPO [65]
2020 2.4 6-18" 69 MHz 42 ps <1.9mW IPDFG [66]

Notes: ‘“—wavelength tunable; "—broad spectrum.
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Fig. 5 Infrared tunable BGSe-OPO laser™
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Table 4 Research progress of CdSe and GaSe long-wave infrared lasers

Crystal Year Apump / M Output Repetition rate PUIS,e Average power or Structure Ref.
wavelength /pm duration energy

2016 2.09 10-11.1° 500 Hz 19 ns 140 mW@10 pm OPO [67]

2017 2.09 10-12.07° 1.2 kHz 40 ns 170 mW@12 pm OPO [68]

2018 2.05 10. 2 5kHz ns level 320 mW OPO [69]

CdSe 2020 2.09 9.9-10. 7 1 kHz 24. 4 ns 1.05 W@10. 1 pm OPO [70]
2020 2.09 10. 55-12° 1 kHz 21 ns 802 mW@11 pm OPO [71]

2021 2.09 10. 15/11 1 kHz ns level 1.03/1.18 W OPO [72]

2021 2.05 12.5 5 kHz 24. 4 ns 0.1mJ OPO [73]

2018 1.92 7.3-16.5 1. 25 MHz <100 fs 450 mW IPDFG [74]

2018 2 9-16" 10 kHz 11 ns 0.36 mW@9. 6 pm DFG [75]

. 2019 3 7-15" 10 kHz 65 fs 1.06 pJ IPDFG [76]
Gase 2019 2.15 4.2-16" 1 kHz 19 fs 3.4p] OPA [77]
2019 2 6-18" 50 MHz 43 fs 0.5 W IPDFG [78]

2019 0.65-1.05" 3.7-120" 4 MHz 31 fs 160 pJ IPDFG [79]

Notes: ‘—wavelength tunable; "—broad spectrum.
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AT 0 A 4 B R AR T OPO . 2016 4,
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Fig. 6 Tunable CdSe-OPO long-wave infrared laser””
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Fig. 7 High repetition frequency and broad spectrum GaSe-IPDFG long-wave infrared laser”

3.4 LGSKKEAMNHXFZHARIE

LGS ff 1A 52 85 15 48 21 4h AE 28 1k IR B B AR
(AgGaS,) M Ag s FREB M LIBEFHAM., 5
AgGaS, # b, LGS & & H A B & i i 05 B
(>240 MW /em®) Fl &8 58 19 3% o Ot 3%y [ (0. 32~
11.6 pm)  fH A 8 AE L R (d,=5. 8 pm/V ) FlI A
F R (8 Wem K ) B AK . LGS #h 4K 1Y 58 B

(~~4.15 eV )i HAE P K >>600 nm A KRS 2% bk v i &
A& A H 50 XOEF I I LGS Kk 2 Ah
WO A8 AT K 5 5 A4 (~800 nm) B 4% % (&~1030 nm)
BOGRSE R W ES, 454 OPA [ IPDFG 5% 2 2 W ik
Jik # R COPCPA) AR, AT 528K U 21 51 ik Bt 1) R D
G fkhfn s o £ SRBAR T HT LGS MK I /MOt
T AR (A 5T 0 R

5 LGS KIELIMEOL ST

Table 5 Research progress of LGS long-wave infrared lasers
Year Apump / M1 Output Repetition rate  Pulse duration Average power Structure Ref.
wavelength /pm or energy
2015 1.03 8-13" 100 MHz 66 fs 103 mW IPDFG [85]
2017 0.8 9.2-15" 1 kHz 73 fs 0.8 u IPDFG [86]
2018 1.03 8-11" 50 kHz fs level 0.37 mW IPDFG [82]
2019 1.03 5-11° 50 kHz 32 fs 220 nJ OPA [87]
2019 1.03 5.7-10.5 100 kHz 98 fs <48 mW OPA [88]
2019 1.03 9 10 kHz 142 fs 140 mW OPCPA [89]

Notes: “—wavelength tunable; "—broad spectrum.

2019 4F , Chen %" HUAS T H AT LGS K 3% 41 4h %
e B i S ik b 8 B (32 fs) , HedE &2 40 % Ry 50 kHz ik
BB 220 nJ UK 5~11 pm ) 5803, 525
BEERHET T MR A LGS-OPA Z5#4 , & 8
Fr s, 6 0 ot i Kl 1026 nm, B & M RN
50 kHz, ik # 5 BE hy 270 fs, Bk s e 1 Ky 187 pJo IR 4,
QuZE" ST H AT LGS K ¥ 20 /MO 75 14 5 55 - 1
i DR (140 mW ), Hefi i B0 O 9 pom, FE SR Oy
10 kHz, ik o9& B ol 142 fs.
3.5 OP-GaAsFl OP-GaPKiF ML BHARHERE

OP-GaAs I OP-GaP Jz 9 57 U 14 fE A7 47 U L /iy

A 3 A 0T A T 2 A Tk SR A TR B O ) ke S B
APIVEEL . OP-GaAs Fl OP-GaP W 5 74 i) i 45 7 1
Ry B n) [l 28 1k 7 (orientation pattern) , BV id #2321 47 A
il A LA RS B ] 0T R ) s AH W6 AR A, T LA I AR Al
AT A A SR S AN E Ty vk SR AT IR A K, AT LA
Byl £ Y GaAs  GaP 8 A7 DT e f iR . % H AR
A 45 1 Z2 Ak Ao RGBS A 1 ol 25 A AR ) SOMH A R J2 A K
WA KR . OP-GaAs fll OP-GaP J& 3 B 21 4h Ik
e B IER L G K B 2T AME S M B IR T AR 2 R L A
T F Y L a7 (R Y R T TR AR AE R 2 L T
OP-GaAs Fl OP-GaP 7E X JLAN M it I JL-F- B A7 i,
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Fig. 8 LGS-OPA long-wave infrared laser"”

AR B AR R AL S K I AR A . OP-GaAs I A
W v B A BCIE 2R BB (d, =94 pm/ V) 85 55 1935 i
)t 3% 5 Bl (0.85~19 pm) 1 i& f &Y it 4 B
(38 MW/em®) , # & & b &b F & & K F
(55 Wem 'K ') , {H A i B0 SO F W ORT A R 3% F
W, OP-GaAs 38 # ff FH I K KT 1.7 pm WG IR
W o OP-GaP [A] £ 41 Atk 5 19 o T, 3% ol i 1l

(0.57~12 pm) MAELYE R % (70.6 pm/V) 5 ZGP f
PRI , (0 OP-GaP X 42 3 I 1 A9 3k 48 05 Ry R 3, Hoap
A1 pum BEIE . OP-GaP 5 & 1R & i # & %
(110 Wem =K ") A5 B A (104 MW /cm?) , iX 3% B
OP-GaP 7] 1€ = Uy 28 F0 i 8 Z MR T TAE . 466 BN
T 5T OP-GaAs Fll OP-GaP 1% K i1 21 #b 80t %5 3 4F
Wt 5% 1 i

F6  OP-GaAsHl OP-GaP Kl £L AMEOG 75 A7 53 3
Table 6 Research progress of OP-GaAs and OP-GaP long-wave infrared lasers

Output

Crystal Year Apumy / M wavelength / Repetition PUIS,e Average power or Structure Period Ref.
rate duration energy length /pm
pm

2014 2.99-3.15" 4-14° 2 kHz ~20 ns <7l OPO 150 [91]

2015 1.94 10.3-10. 9" 100 Hz 17 ns 2 pJ@10. 3 pm OPO 72.6 [92]

OP-CaAs 2016 1.95 10.6 50 kHz 100 ns 812 mW OPO 74.5 [93]
2017  1.88-1.98 8-10" 2 kHz 50 ns 140 W'@8. 5 pm OPA 66 [94]

2018 1.05 7-9.2" 3 kHz 11.5ns <10 mW DFG 31.5 [95]

2021 2.45 8.15 35 kHz ns level 215 mW DFG — [96]

2016 1.04 5-12° 101 MHz  fs level <55 mW OPO 21.5-34.0  [26]

OP-GaP 2018 1.04 5-13° 101 MHz fs level <105 mW OPO 34 [97]
2021 1.04 3.9-12" 100 MHz fslevel 60 mW@10.7 pm OPO 21 [98]

Notes: ‘“—wavelength tunable; "—peak power; ‘“—broad spectrum.
HATXE T OP-GaAs KIEZLAMIOL B OB Bk 3.6 /N 4

SJE FEAE ns BH T YRE mW B9, 2016 4F,
Wueppen %7 % H 3 T 3 B 9 OP-GaAs-OPO 4%
¥y, OP-GaAs ) JE WK B 74.5 pm, 7E LB K15 T
OP-GaAs K I 21 51 ¥ 4% H A &% & 1 7 35 2h %
812 mW, I B 1.0 2 K 2 10,6 pm, B & i %
50 kHz, Jik ol 58 BE R 100 ns, S 55 Br FH A9 2 3 U5 0% K
1.95 pm, 52560 %% B 40 5 9 ff s o 35 4 SR 78 £ X OP-
GaP K 20 4O & 19 B 58 v, WO A 19 1 520005
BEAE A IR R 2% G, Bk b BE RE A R AP . 2021 4R
Schunemann 2" F] 1040 nm 7 & 19 R %6 2T 1%
St 4k, BT OP-GaP-OPO 254 , OP-GaP J& ] K B A
21.0 pm, 7E LK ARG T e PN 60 mW H
% Sl 100 MHz, 3. 9~12 pm 1 BB P4 77 3838 19 € Fb 4%
ZLAMBOG -

I SO e o Rl e | E5 Y N T R NSRS AN ¥ B o1
P oK b v R R T R A U T O R R T
BORMkRE R ST A A AR Kok TE Ry
ML, RO RRERS T R R e
GaSe LGS OP-GaP £ i 21 4N #6487 S2 8L €D ik ok
iy 1 s BGSe K UE 21 SO #% AT 58 B0 K2 RD ik o g s
ZGP .BGSe . CdSe . OP-GaAs K I £1 41 i O #% 34 7 52
PR AP K vh i o B MR 5 T, KR ZLAM O A e
SR 2% 9 T bR 25 9 IR %% 2 i L LGS \OP-GaP
K 21 A1 O % Hic i vl 3k B IR B 2% B AR R Y
o W ARG M S AR A K U 204k B AT i
sk RAR A4 A, K I LLAMEOE 28 /Y B B R B T
W AT AN g o TR 10 B aR kB TR L AR 4R A
FEAE B LT A O AR K b B BT E R XE R B, BB
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Fig. 9 OP-GaAs-OPO long-wave infrared laser”

BRI aMEOt R iR FEAEMEMZE R
% ., Hh.ZGP .BGSe fl CdSe &1 25 T H &1 5
B P B, R 3 3 R R AR 9 K I 2T A1 SO £ AE K vl Ag
i AR K, ZGP . BGSe fil CdSe K i1 21 4h 3%
G # AR AT 14 35 Kk ob fig 4 43 5o 3,15 mJ 4.5 m,
1.18 mJ; 3£ T GaSe LGS .OP-GaAs i {4 it 1 i 21 4b
WO R AR AR 0 I R Bk vp B & 4 i oA 3.4 w14 pd .
16. 2 I3 OP-GaP K % £L SN #OG A% 2K 45 19 Jik e g 5 5
N AXRE FRAS 90 £ G 1 ok b A = i

10000
" 7GP . H
1000 o BGSe . = 4 i
4 CdSe a H
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& 01F
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Fig. 10 Comparison of pulse energy of long-wave infrared laser

based on various nonlinear crystals
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(SR S | IS N N D L NS R DR S
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1 pm 3T Z0 AN O A8 2 B AT e B0 L T SR ) R,
B33 fb A TE v 1 pm G VR B, HBE R 2 pm .
2.79 pm S5 I B R ZE A, 3 B Uk B ) O U 7 R
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FEAE 2210, i BR ) T I 20 A0 BOG 2% 00 i bR RE
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SEELT 2L Ak B B O A K D £ Ah
Fr = JOG MW I8 20 A HE o I AROK, WIS R L
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Abstract

Significance The 8-12 pm long-wave infrared (LWIR) laser, which is within the atmospheric transmission window and
the eye-safe range and demonstrates a higher transmittance in atmospheric media (Fig. 1), has critical applications in
various fields, such as directed infrared countermeasures, environmental monitoring, lidar, and surgery. For example, the
laser in this LWIR band plays an important role in environmental monitoring and differential absorption lidar because this
band covers the fundamental absorption bands of many gas molecules, such as H,O, CO,, NH3, and O,. In terms of
medical treatment, the 8-12 um LWIR laser, with a large absorption coefficient and a shallow penetration depth in water
and other components of biological tissues, serves as a unique and effective tool in biological tissue treatment. In addition,
high-energy 8-12 pm LWIR lasers are in high demand in the field of defense.

At present, approaches to 8-12 um LWIR laser mainly include direct radiation from gain media represented by carbon
dioxide (CO,) lasers and semiconductor quantum cascade lasers (QCLs) and nonlinear optical techniques represented by
second-order nonlinear frequency conversion. CO, lasers have been one of the most mature coherent radiation sources for
the LWIR band since the invention of the first CO, laser in 1964. However, their output wavelengths are limited to the
spectral lines of 9.2-9.8 pm and 10.1-11 pm. In addition, since CO, lasers usually need to be supported by a large
cooling system, the overall size of the device is huge, which greatly limits the application range of CO, lasers. QCLs
feature a broad emission spectrum (3. 5-160 pm) with a relatively narrow linewidth and favorable wavelength tunability.
However, due to the limited depth of their quantum wells, QCLs offer low efficiency in the 8-12 pm band and
consequently fail to achieve high-power and high-pulse energy operation. Besides, they are difficult to design and entail a
relatively high manufacturing cost.

Although 8-12 um LWIR lasing has already been achieved with gas and semiconductor as gain media, no mature
method of LWIR lasing by directly pumping crystalline gain media is obtained so far due to the restriction of the intrinsic
emission spectra of the currently available crystals. As the most mature and most widely used method, nonlinear frequency
conversion is an effective approach to 8-12 pm lasing. Notably, solid-state lasers based on second-order nonlinear
frequency conversion techniques break through the predicament that crystalline gain media cannot directly achieve LWIR
lasing. Furthermore, compared with CO, lasers and QCLs, all-solid-state lasers based on nonlinear frequency conversion
techniques have the characteristics of excellent wavelength tunability and power scalability. The diversities of the available
pump parameters (wavelength, width, energy, power, etc.) and emerging nonlinear optical crystals provide LWIR lasers
based on nonlinear frequency conversion with a broader development space towards but not limited to ultrashort pulse

width, high repetition rate, wide wavelength tuning range, high energy, and high power. This paper reviews the working
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mechanisms and research progress of LWIR lasers based on second-order nonlinear frequency conversion to provide a

reference for the personnel engaged in the research and development of lasers.

Progress Specifically, the working principles and characteristics of the second-order nonlinear frequency conversion
techniques, including optical parametric generation (OPG), optical parametric oscillation (OPO), difference frequency
generation (DFG), and optical parametric amplification (OPA), are described (Fig. 3). Subsequently, the physical and
nonlinear optical properties, including nonlinear coefficient, transparency range, thermal conductivity, and damage
threshold, of commonly used nonlinear crystals, such as ZnGeP,, BaGa4Se;, CdSe, GaSe, LiGaS,, orientation-
patterned GaAs, and orientation-patterned GaP, are summarized (Table 1). Then, the detailed properties of different
crystals and the output characteristics of the corresponding LWIR laser based on the crystals are analyzed. The research
progress analysis shows that LWIR lasers based on second-order nonlinear frequency conversion have achieved
femtosecond, picosecond, and nanosecond output in pulse width and repetition rates ranging from several hertz to
megahertz. However, due to the low inherent quantum conversion efficiency of nonlinear frequency conversion towards
the LWIR band (pumped by 1-3 pm near- and mid-infrared lasers), the output energy of the LWIR lasers is mainly at the
microjoule and millijoule levels at present (Fig. 10). Finally, the opportunities and challenges for LWIR lasers based on
second-order frequency conversion techniques are discussed, and the potential method of LWIR lasing via Raman

conversion based on the third-order nonlinear effect and its prospect are presented.

Conclusions and Prospects Crystalline LWIR lasers based on second-order nonlinear frequency conversion techniques
have made outstanding achievements in ultrashort pulse width, high repetition rate, wide wavelength tuning range, and
high peak power. The improvement of crystal growth technique, the emergence of new types of nonlinear optical crystals,
and the development of currently available crystals with higher optical quality and larger volume crystals pave the way for
the further improvement of the power and conversion efficiencies of LWIR lasers. In addition to the above reviewed
second-order nonlinear frequency conversion techniques, diamond Raman lasers (based on the third-order nonlinear optical
effect) with an extremely wide spectral transmission range and an extremely high thermal conductivity are considered a

promising way of wavelength conversion from short-wave to long-wave.

Key words lasers; long-wave infrared laser; nonlinear frequency conversion; 8-12 pm; nonlinear crystal
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