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Research Progress of Long-Wave Solid-State Lasers Based on Optical
Parametric Oscillation and Amplification Technology
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Abstract Differential absorption lidar (DIAL) is an important equipment for the detection of noxious gases. It has a high
demand for the wavelength and linewidth of the laser sources. In recent years, optical parametric oscillation and
amplification (OPO/OPA) technology has made breakthroughs in medium and long-wave infrared laser , showing great
potential in obtaining high-quality long-wave laser. The characteristics of different nonlinear crystals are collected. The
performance of long-wave laser obtained by some crystal optical parametric oscillators is generalized, including output
power, pulse energy, tuning range and output linewidth. Combined with the theoretical gain linewidth calculation and
recent experimental research, the main problems in realizing narrow linewidth are analyzed and summarized, furthermore,
the future technical route furthermore, the development direction are prospected.

Key words optical parametric oscillation; narrow linewidth; long-wave laser; nonlinear crystal
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Table 1 Characterization of the long-wave nonlinear crystals

Crystal properties AgGaSe, AgGaS, GaSe CdSe 7nGeP, BaGa,Se, HgGa,S,
Symmetry Square Square Hexagonal Hexagonal Square Monoclinic Square
Point group 12m 12m 62m 6 mm 12m m 4
Fusing point /°C 860 1238 1525 1025 1020 880
Pump source /pm 1.5-2 1-2 1-2 2 2 1-3 1-2
7.625(a)
. o 5.992(a) 5.756(a) 3.742(a)
Lattice constant /A - - 6.511(b) -
10. 886(c¢) 10. 301(c) 15.918(c¢)
14.702(c)
Thermal conductivity / 0.162(//c)
o 0.011 0.015 0. 06 0. 36 0.007 0.025
(Weem "K' 1) 0.02(Lc)
Damage threshold Low Low Low Low High Very high High
Light range /pm 0.7-18 0.5-13 0.65-18 0.75-20 0.74-12 0.47-18 0.5-13
. Negative Negative Negative Positive Positive o Negative
Optical symmetry T T T o L Biaxial T
uniaxial uniaxial uniaxial uniaxial uniaxial uniaxial
dq/(pm-V™) d,=33 d, =13 d,,=56 dis;=18 d, =75 dy=31.5 d, =24
Reference [17] [18] [19] [20] [21] [22] [23]
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Fig. 1 Wavelength and full bandwidth of ZGP crystal at angle tuning. (a) (b) Class [ phase matching; (c) (d) class Il phase matching
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Fig. 2 Wavelength and full bandwidth of ZGP crystal at temperature tuning. (a)(b) Class I phase matching, §=50.9; (c) (d) class Il
phase matching, §=63. 1°

(e,—>e, + e @xoz) M -Ale,—> e, + e;@yoz) Wi Fli ffi O, IR h 2 M 1 g5 2k SE TSR A R AN B 3 TR .

12 — 5000 .
@[ . ®) —LA@xoz | |
11t/ — idler (I-A@x0z) 4500 | ---[I-A@x02 H
Lo e signal (I-A@xo0z) H
1013 - idler (L-A@x02) 4000 il
g9l N - - signal (II-A@x0z) E 3500 | 1|
S0 £ .
ol W £ 3000 -
§° 7l £ 2500 | i
T 6l “, 22000 i
5 S ]
B 5t = 1500 '
4} e 1000 .
2 am ; 500 b — e
9 ; § P 4 0 i z I i ; ; i
0 10 20 30 40 50 80 85 9.0 95 100 105 11.0 115 120
Angle /(%) Idler wavelength /um
()12 v - (@ 110
X — idler (I-A@x0z) —I-A@xoz
ILEN e signal (I-A@z02) 100 [ —._-A@yox
10+ N --—idler (II-A@xoz)
9 o - signal (II-A@xoz)
E 3 \‘\ ‘E
= R S
g 5
E 6 \\‘\‘ = -
T 5 P g
§ 4t e =
3t -
2 r -
o R e P P S o R
ﬂ " i i i 10 L " " i L i
10 20 30 40 50 60 8.0 85 90 95 100 105 11.0 115 120
Angle /(°) Idler wavelength /um

K3 BGSe d A [a) A0 T B9 %0 DI R 45 2098 - () (b) 2 pm B4, A, = 2. 05 pm; () (d) 1 pm B4 LA, = 1. 06 pm
Fig. 3 Wavelength and full bandwidth of ZGP crystal at different pump source. (a) (b) 2 um pump source, A, =2. 05 pum; (c) (d) 1 pm
pump source,A,=1. 06 pm

0900013-4



Pl 3 BGSe i 1A A5 AS [ A 5 09 338 i i 2k
So et Ho 18 3(a) ((e) 43 2. 05 pm F 1. 06 pm
F T R IR ik 1 3(b) L (d) )X R 1 o 2 IR AR AN
[ FHAE VG i 45 R T 36 25 2 v . T AR B 76 2. 05 pm
AR IS I A5 R TEBOA AOK, HAF AR A
(>>5000 nm) ; 248 i 1. 06 pm %% 3 U5 B, 76 8~12 pm
U0k 0 1B Py HL B R 4 25 2k 98 49 <7110 nm.

Ee e e G I I N = | B N EI T N N T S
T VR AE A ] AR A6 DG JE J7 =X A b R s R AN TR
Xt F 2 HCE L AR B R T S A 7 DE S A T
28 58 1 i s S0 2 pm U IR, ZGP R IR TE AR 2k
S 1 7 T WS O T BGSe A 25 g 1 pm 5 3 8
B, BGSe OPO #ii th 2k Se 445, HAE B AN K38 Bl G
BT R ARG AR R T8 Ty 1 B R

3 3 F OPO/OPA ) K I 3 % oh %

(Re &) FetE
3.1 ZGP OPO/OPA

T, ZGP SRR A K O T4 L A A HE
T HAE I T OPO/OPA +7 R 3R 15 K I 3% Jr 1 1Y
K&

2020 4F , Wy JRUE Tolk K24 A9 Liv S5 468 17— 4
BT T 2K ZGP AR 9. S um W IR K WO S B IRY
o HRHTE QMM 2. 091 pm Ho: YAG #OG #1E I %
W, TAESE &4 % K 10 kHz, 75 90 W ZZ Il B R T 3%
87 3.51 W 9 9.8 um K I ot , Bk vb 58 B R
19. 6 ns, £k %6 A 142 nm . Jf3E o [ 2% 5 R A B2 Jie 5 5

F61E5FE 9H/2024 &£ 5 B/BAEXRBEFFIHE
BT 9. 2~11. 0 wm AY K Ik nT I 38 i i .

2021 4%, [V RL 22 B LW G 2 R 2% HLALIE 5% T 1
Qian 25" B F ZGP G B B AR & T —Fp & BE LA
Jik v A B LLAMEOE RS . 1 OPO SR R AT G B R 45
L, LL—A 2.1 pm B9 =% Ho: YAG MOPA 2} ZE 3
A TR N3 15 WS 2 um F111.4 W Y
2.8 pm B A E I A2 FE 43501 o 8156 nm Al
270 nm,

2022 4F , v [ Bl 24 BE 25 R AE B BB 9T BE 19 i A
AAEIRGE T — R SRS LA S R LR
FH1.064 pm OG0 26 KTP ik, =4 2107. 13~
2153. 95 nm Ot I T 1 2 ZGP ik, (A8 T
7.94~9.07 pm F110. 20~10. 82 pm B K I BOGH
MIRAOEE K A 8. 03 pm B, BEE K 0. 8 mJ,

F 25 TR 4E R ZGP OPO/OPA 3815 K I i
W EEA R SR, T LLUE A TFIGE ) ZGP OPO
R IE TR EE R, O S
Ty 0 o e s b o A, 2022 4F R [E CTORE ) B
WFoE BE I = L R BB R s R B R T
3.8~5 cm [ R R F ZGP B &, JF 4544 7 30 mm X
30 mm X 40 mm fJ ZGP OPO #$4F , 2 W% IR 7E K
SEAERKEAR T O B FR TR RAERKT
ORISR ZGP SR A RGBT A 2 pm BT LU
K 9~12 pm % B 9335 10 A58 8] TR Ko, 38
T ZGP ShikpERE . BRI R ZGP fh R fE 3k 15
o 0T A A P AT MO O AT AT R T .

#2 ZGP OPO/OPA Hi A W5t ik
Table 2 Research of ZGP OPO/OPA technology

Year Pump source Method Idler wavelength /pm Output performance
2007 KTP OPO(@1. 95-2. 20 pm) 1-OPO 5.0-10.0 0.4 mJ(@9.0 pm)
2016 Ho: YAG(@2. 09 pm) I-OPO 8.0-8.3 3.2 W(@8. 2 pm)
2017 Tm,Ho:GdVO,(@2. 05 pm) 1-OPO 7.8-9.9 1.71 W(@8. 08 um)
2018 Ho: YAG(@2.09 pm) I-OPO+OPA 8.3 11.4 W (@20 kHz)
2019 Ho: YAG(@2. 09 pm) 1I-OPO+1-OPA 8.2 12.6 W(@10 kHz)
2020 Ho:YAG(@2. 09 pm) OPO-+OPA 8.3 7.0 W
2020 Ho:YAG(@2. 09 pm) 1/11-OPO 9.2-11.0 3.51 W(@9. 8 pm)

. 3.15 W(@1 kHz,8. 1 ns)
202147 Ho:YAG(@2. 09 pm) OPO 8.2
5.48 W(@3 kHz,9. 45 ns)
20211 Ho: YLF(@2. 05 pm) I-OPO 8.1 3.2 W(@10 kHz,27. 11 ns)
20221 KTP OPO (@2.107-2. 154 pm) 1-OPO 7.94-9.07, 10.2-10.82 0.8 mJ(@8. 03 um, 50 Hz)

3.2 HfOPO/OPA

LAk AR LR AR I SE H 25 TR, 36T oAt
RH NS ARG R 2t Z A A .

2017 4, H % 7 19 Kolker %5 3E 1T — M4 &6
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\
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Table 3 Research of long-wave OPO/OPA technology of other crystals

Idler wavelength /

Year Pump source Method um Output performance
2017 Nd: YLF(@1.053 pm) HGS(I1-OPO) 4.18-10.8 1 pJ(@10-10. 8 pm)
2018 Ho: YAG(@2.09 pm) BGSe(11-OPO) 8.0-9.0 314 mW(@8. 925 pm)
2018 Yb-fiber(@1. 035 pm) HGS(11-OPO) 4.4-12.0 -

2018 Nd: YLF(@1. 053 pm) BGSe(1-OPO) 2.6-10. 4 14 pJ(@8. 07 pm)
2019 Cr,Er: YSGG(@2. 79 pm) BGSe(1-OPO) 3.94-9.55 -

2020 Nd: YAG(@1. 064 pm) BGSe(1-OPO) 8.0-14.0 1.05mI(@11.0 um,10Hz)
2020 Nd: YAG(@]1. 064 pm) BGSe(1-OPA) 8.0-14.0 230 pJ(@9. 5 pm)
2020 Ho: YAG(@2.09 pm) CdSe(11-OPO) 11.01 802 mW (@1 kHz)
2020 Ho: YAG(@2. 09 pm) CdSe(11-OPO) 10.1-10. 8 1.05 W(@1 kHz)
20214 Ho: YLF(@2.05 pm) CdSe(11-OPO) 12.5-12.8 526 mW(@12. 5 pm, 5 kHz)
2022 Ho: YAG(@2.09 pm) CdSe(11-OPO) 10.9-11.2 1.26 W(@10. 9 pm)
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