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Table 1 Latest research results of mid-far infrared laser using linear methods
Name Year Wavelength /pm Output power (energy) Operating mode Efficiency
2015 4.1 35.0 W@77 K Pulsed -
50111‘1’“"“6 2016 4.1 10.60 J@77 K Pulsed 44%
aser . i
(Fe: ZnSe) 2017 4.35-4. 60 1. 67 J@ room temperature Pulsed 27%
20204 4.35-4. 60 21.70 W@ room temperature Pulsed 32.6%
Overtone
frequency 20057 4.90-5.70 2.10 kW CW 21%
CO laser
Quantum 1] .
2010 4.75 1.10 W CW —
cascade laser
Free electron 20117' . 5.75 >10. 00 kW Pulsed -
laser 20111 1.61 14. 30 kW CwW -
Chemical las e
(;n;glm;er 20101 2.60-4. 10 67.00 ] Pulsed 3%
CO, laser 20214 9.3 140.00 TW Pulsed -
t -
Quantum 201377 10.7 1.3 W cw -

cascade laser

35 W kb & E M E KN 100 Hz B Fe: ZnSe 18 Q #
JERE O K N 4.1 pm™ . 2016 4E,77 K iR
JEF B i bk e E |35 10.6 TP DK N 4.1 pm
() Fe:ZnSe OB BIRIE . 2017 4F . HF 58 & 1 Ik
TEEWR A PG TRk b BE R 1,67 ] 1Y
Fe:ZnSe i Q #OLAE" . 2020 4F, =i &1 FF
B ok 21. 7 W 1 Fe: ZnSe I Q #OG#S #
I ALZN Y . 2005 4R SE3E IR D% Oh 2.1 kW )%
KA 4.9~5.7 pm MIZH CO BOL Bl E L &R
RORIRBET 21% . 8 Y BOG I 5 05 1
2000 4, ¥ b Th % L1 W, oK H
4.75 pm MEOG S E R BEREDYY . e A BT
JEESWE ST Iy 1 - R DR L 10 kWL & MR
HM1/4 Hz DK 5,75 pm B BOE S 7E 2011
AEPEARAE Lt R E AT 8 5 T R R
F P06 . 2010 4, B ikb e Rk 67 T 1Y
PHF B TR BRI R DKl 2. 6~4. 1 pm™

TER LT AN 5T 40U W (E D) % R 140 TW  H
fkop gy 14 J o0 K 9.3 pm Bk ih BEE N
50 fs ) CO, SRBOLRAE 2021 4B AL B 41
2013 4F, E ¥ T 1.3 Wb bl K R
10. 7 pm B9 FHRBEBOL S gRE

I ] PSR FH 2 1 vk AR IO K I 2T Ao 1Y)
WHoEHRE B, 2020 4F 5 R BTG 6 e 30% 1 ik
68. 3% HUL KN 3071 nm BY K2 BB K POt #5 1% A
IS R4 AR B RO R S T8
R 1 W P20 AMEoes 1, 2021 48 AR

LA A B RO E M T 6~10 pm BB
FRK R R T 100 m) BOOGH .

T 3k XoF 25 i 2 AU O S R Y A AT T
R OG5 32 IR T2 228 1 1 B0 R R 48 2% 5L
18y B JB B % B 1 ) P g 21 AN O Y T B ) 3R
BARDY . A CO B #8387 B AE R IR F s fT,
X — e B BR 7 S Y . i GERO Ae AR R
W b AT DL R A 5 A T I U B O RO
AP SR T T A BER M v i EL H A
DIZEAR, A HOGE 0 1 s AR e
RUBOGE R E AN A& B 5t AR ME W I HLAR 5 4
FEREEG A TR, A BOCE Z18 R 5E 12 SO
AT = T OGN — 2RO A, H IR
(DE) {24 O E 45 vT LASE 3R rb ik 21 40 0 B K g 4 i)
R PO AR FRR 7 AR A #E R A DFE
ks B SRR T A VI . CO, RO 4 i
P LLAMNEOE BAT T A | LDk v BB 1 R B9 00 A
RO AN AT 3 2 1 3 L2 28 A SO %) i s
KIS, o 8~9 pm A1 11~12 pm P EL,

AR L PEF AR JE 48 B FE 2 AR L P e 3 A AR Y
7oA B AR L M RO S B K R B B R, B A AR
SR TE T ) % 25 R 1 R B R B BN R AT LA
S I v R A R R Ty R A I R T AR IO K
2T ANBOG T T S R A R

HHET.2 pm WOGHH B AR L MO 22 IR 5 4 d
BN Ay o — e 28O 3% 252 M A e I R A Ip £1 A
S MEET 1 pm BOCEM .2 pm #OGTE
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Tm:YLF
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AOM

M3
4 Tm:YLF M3

M1
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Ho:YAGI

P R G R TRT R ) R R T oK FRATT IR T — 5 ik e
MR 1 kHz 5 ROV 5 1 D28 110 W S
JEPAHIA Ho: YAG ¥ Q Mok ™ . %Mot
PR 4 «— PR AN Z GTBOR A% = A BB 53 L, 58
BYeEnE 1 s, Tm: YLF 80688 A0 & ik K
(1.907 ) EFAL T Ho: YAG i 14 1) % 3 1 g e
Qb s PRI A SR AT A H BR i 1 1) Tm: YLF
BWOGAAE N Ho: YAG BOGAF B R I8 . 7E 4R %7 &=
4. M1 2 2,09 pm & X Chigh reflection, HR) H.
M %2428 R =200 mm MY P 4 8% B Al A
B M2 J& 2. 09 pum 5 i & (transmittance, T) N
70 % H#HF 2N R=—5000 mm [ F V1455 ; i 55
M3 & 1.907 pm 5115 Chigh transmittance, HT) H.
2.09 pm HR AYF 1 — 8% ; AOM (acousto-optical
modulator) 24 75 Y il #5 £F ; Etalon k4 -1 %
b o B, E 7R RN, O KR e E
2.09 pm, G e Ho: YAG @ik H& R
5 mm, KN 80 mm. Ho'" A48 24 ik & (L + %43
B ACRD R 0.3% , AR IE B LMK A4 R
520 mm, 7E 117 W W D% T, 3k & 4 i 1 2 %
A3, 7T WO EE B RN 1 kHz, B0 KN
2.09 pm MO, ICEE, Bk b 58 B2 28 ns, BT
HEFMDOAN 1.2, %528 0.5 nm, FHERYOR
R 60. 1% . FE—G R AR 53, $5 I 5 4 it 00 38
e A AE Ho: YAGL S . [ ik 42 125 22 3 2h
HRE 190 W,k 5N 78.6 W, 7 K
AR A s W — GO A O AR TE AR g
ORAF Ho: YAG2 & A& v, 6] i #2 &5 523 2 % 2
170 W, “ iR s i X 0 4% 110, 4 W ik e
EEWEN 1 kHz P WEK R 2,09 pm BIEOE,
JeR R 1. 7. Ho: YAG 1T FI Ho: YAG2 & &

Ho:YAG2

MI1: 0°, HR@2.09 pm, R=200 mm
M2:0°, T=70%@2.09 pm, R=5000 mm
M3: 45°, HT@1.907 pm, HR@2.09 pm
M4: 45°, HR@1.907 pm

MS5: plano-concave lens

L1&L2: conversion lens

AOM: ac ptical

M3 Tm:YLF
M5 Etalon: Fabry-Perot ctalon

Bl 1 1 kHz Ho: YAG i Q BOBRS i e i % 5 el -
Fig. 1 Schematic of optical path for 1 kHz Ho: YAG Q-switched laser™"
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MZ 2 ME, B8 EZN 5 mm, KEHN
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OB A i R A 2 B
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£

70 |
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Fig. 2 Average output power of second stage amplifier

-
versus pump power 2]
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FUEI3FT 7R o ZWOGRS B R &% . — BHOR A A =
PR =AW A IR dai ) 53, 112K

Tm:YLF
Etalon M2
M3 F l

L1

Tm:YLF

Ho:YAGL

RLARIHAH Tm: YLF BOG A E S 2838 I8, A 7] 45
S LA i AR A B M2 1R R R=—300 mm,
Jok b B SRR 10 kHz, W HEE K 246 mm, R
e B Ho: YAG FhRRI A& 4 mm, K JF
4 60 mm,Ho' #BAKE N 0.3% . 7F 98 W
DR A8 T T 5501 WOk E &2
RN 10 kHz K96 M 22,9 ns R & A KT
LO5S ALK 2. 09 pm BYOL, BERE RN
62. 1%, TE—ZU KA HB 43, IR % & i th O &
THER L5, Ha ik i M4 5 98158 — 9%
R A Ho: YAGL A i &8, HE 2425 0. 4 mm,
Ho: YAGL R EHA N 4 mm, KE N 100 mm,
Ho'' B« R 0. 3%, X 141. 2 W I I %
55,1 W B FObRIEHE A S| Ho: YAGL g & i,
— PRI A e e - A i TR 140 WL BER L
RN 66. 1%, T IR AS T, — PR 25 5 i
IO 2 78 B3 e L2 AR B 5 1 A B RO K A
Ho: YAG2H1 . 78 150 W i IR NS 8l 1 f i F
¥k 231 Wk op #2500 R 10 kHz, ik 58 K
22.9 ns JEHR RN 1. 04 K7D A 1L 05 (B H
D5 16)) BG4 A 5 s, Ho: YAG2
285 Ho: YAGL5E &M [F, ¥ M & BE L3 A L4

M3s

Ho:YAG2

L M1: 0° HR@2.09 pm, R=200 mm
M2:0°, T=70%@2.09 pm, R=-300 mm
M3: 45°, HT@1.907 pm, HR@2.09 pm
M4: 45°, HR@1.907 pm

MS: plano-concave lens

L1&L2: conversion lens

AOM: acousto-optical modulator

M3 Tm:YLF

M5 Etalon: Fabry-Perot etalon

3 10 kHz Ho: YAG ¥4 Q #6751 e s 25 e
Fig. 3 Schematic of optical path for 10 kHz Ho: YAG Q-switched laser™"
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Fig. 4 M* and transverse 2D beam profile at 231 W [24]
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Fig. 5 Output power of second stage amplifier
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XI5 B O i
TEBRAERK,
3.3 20 kHz Ho: YAG 8 Q #5328

Jik wh E A2 5% O 20 kHz B Ho: YAG # Q %
JEAF M ZE R 6 R . ARG ARG 4 . — Pk
K#% B H 9% (Transmitted Second Stage, T-S-S)
TR 4% F 2 ) — 9% (Reflected Second Stage, R-S-
S) HCK # PUASFRAF L AL . FEIR T A o, 2 R
BE M1 Bl 242 5 R =300 mm; i th #8558 M2
I kA2 R R = — 300 mm. X 2. 09 pm #OG K
iR R 70% ; Ho: YAG SRR EAZ K5 mm, KE
60 mm, Ho' B4R K 0. 8%, FEZ) 180 W %
YR T AT TR 104 Wk o 80 52 45 3
20 kHz k55N 28. 3 ns IR T 1. 11 OKF
i DAL 13CRE E 7 D OB 2,09 pm 1Y
WOLH . 7E— UK AR A, 42 170 WA
%A 90 W A Y6 [RI B A 2] Ho: YAG2 f 4t

Tm:YLF

79 9, B 1k & 4 5 v Ak 45°

Tm:YLF

AOM  Etalon M2

M3

DVA:CH

Tm:YLF

M4
Tm:YLF

Ho:YAG2

I, ST IR 201 WOk SE N 28.5 ns G
Jite A 1. 27 GKAFEJ5 1) Fi 1. 28 (B J7 ) 19 30Ot
i, —ZaRes Ho: YAG2EARBY HA LN 5 mm,
KN 140 mm, Ho* B4 E H 0.3% ., 7£—%
KRG A 2,09 pm 2 9% A A 45 AR AR —
LR A 0 O 43 BE SO (85 W TR
(95 WO IR 43 B ECAE R T-S-S il K A% 1) Fh 7
o, it Ho: YAG3F A 17 K5 . T-S-S il K #4% AT
i e E I Foh 152 WK 9N 28. 6 ns OB HR
JE R 1. 42 OKSFEJ5 1) Rl 1. 45 CRE T 1) B30 5
K6 B8 R-S-S it K #F W R T ok, & it
Ho: YAG4 @A B K5 - R-S-S K 7% 7] 4 fe i
SEHTI R 161 WOk 58 Ry 28. 9 ns R TN
1. 45OKFEJ7 ) A1 1. 53 (R B 7 ) B30t . R-S-S
HT-S-S JCKR & 09 B 5 s S R a7 R R,

Ho: YAG3H1 Ho:* YAGA MR S8 5¢ e, H H
%K 5 mm, KEH 100 mm, Ho* BRWEE K

LS

Tm:YLF
Ho:YAG3

YOVAIOH

Tm:YLF
L4

Tm:YLF

Kl 6 20 kHz Ho: YAG ¥4 Q ¥t % i i 5
Fig. 6 Schematic of optical path for 20 kHz Ho* YAG Q-switched laser™”
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Fig. 7 Average output powers of R-S-S and T-S-S

amplifiers %
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ATHE K SR 5 B — Gl K A% i 13 06 4 R B s =
75 5 2Ry, 22 )5 kST M RE X EB A 0% AT R

— YK s B B ARSI T %k 313 W bk i & 42 0t
F 20 kHz # 2. 09 pm BOGH .

4 ZGP.BGSe Fil CdSe H K I 41 4h
A 2 P 00 3R A H Ak O E 5T

4.1 12WHIE ZGP FIRGZMERKBZREEN
3
ZGP BIRJE TIEJT fh &R e —Fp i AL S
WAL G, BA B KR IIEL 62 R E(75 pm/ V) |
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e 37 3 A8 (3~ 8 pem B AL & I PTG
BB, 245 A 1 P 256 v K U 2T A1 Al 2k 1 6 2 0 R 7
Xof 2 M i R Y B AR SR, 2 H I AR IR i £ A1
JEHY T B AR, B O LA iR T B
& YA Ho: YAG UG A% B9 & Ji& . b K 41 4h
ZGP AR L M 't o7 It A8 5 4 45 1) BIF 58 AR 1 Sk
2019 4F . Qian 2 UK R 2. 09 pm  fik wh 8 42 45
%4 10 kHz 9 Ho: YAG ] Q J#IJG#F A FE R ,
i ZGP E ¥R ¥ T R K #% ( Master Oscillator
Power-Amplifier s MOPA) Z5#), 523 T &% & F ¥
D%y 102 W Ol 3,52 pm Rl 4. 57 pm
FR LT AN EOE R L SRR AN R 8 TR L iz SR Y
A POC R A A S AR DL 3.2 . Rt ad

M1: 45°, HR@2.09 pm
M2: 45°, HT@2.09 pm, 3.7-4 um HR, 7=50%@4.4-4.7 pm
M3: 45°, HT@2.09 pm, T=50%@4.4-4.7 um

M4: 45°, HT@2.09 pm, HR@3-5 pm

HWP: 2.09 um half wave plate

L1: Plano-concave lens

T4k i~ M1 J5 8% 40 0 WA 4. 65 W ok 2 T
ZGP % 2 B IR G A
Oscillator, OPO) #43.135 W # FH K AE R ZGP ¢
¥ 2B K £ (Optical Parametric Amplifier,
OPA) WZEMIR . 1 A VL L ZGP OPO 7E 50 W
FWTRT LI TP Hy 28.4 W [ ik 21 4h
WO LI AR A B BT L1 A B A2 1k
R LLANEOE ROER FL R . 7E ZGP OPA #4r,
I 28,4 W Rl FE M 120 W2 1 6 [A] B 13 A %)
ZGP1 4k, ZGP OPA i i 7 F % 3h R Ry
102 W K584 20. 9 ns B9 20 M 0% 6 R T i
2. TORSETS ) AT 2. 8 CREE 5 1)) it T Rl £k
WE 9 iR BERCR N 67. 4%,

( Optical Parametric

HWP

B8 102 W ZGP MOPA F 4t 96 % /% 5 el L 4 18 05l e FLAR 15 mm X 15 mm 9 ZGP i P54 P
Fig. 8 Schematic of 102 W ZGP MOPA system with physical map of ZGP crystal with aperture of 15 mmX 15 mm

shown in inset
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0 2'0 4'0 6'0 8'0 1(l)0 1l20 140
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B9 ZGP OPA [yf t oy R
Fig. 9 Output power of ZGP OPA ™"
4.2 161 W 13§ ZGP MOPA RS MR
2021 4F, Liu %% R ZGP fE AL 1o 2
ARG AR S T TRy 161 W LK
3~5 pm BRI LLANEOC N L SEROE AN IE 10 B

[29]

N o SR VR 1 2 A AL R R DL 3.3 . E T
ML VL AL ZGP OPO #4324 T-S-S J K #5% ] 26
N EA 152 W ZHiEH . iZ OPO L3 1 F1
Dk 78 W LW BT 2. 84 OKF-J5 [a]) 1 3. 12
CR 5 1)) B 2D AN O s . 7E ZGP OPA 3§
4% 2448 ZGP OPO i i /Y 78 W Rl —F )6l R-S-S i
RAsh by 161 W 23 6 [ B i3 A 2] ZGP1 fh ik
L ZGP OPA i th 1 F ¥ 2400 161 W, ik v &
RN 20 kHz KM 23. 3 ns JEH TN 3. 42
OKSFJ7 1) F 3. 83 (& E Jy ), Hoa i Ko
3.89 pm M1 4. 55 pm BT LLAMEOE, ZGP OPA fi
W R LT AN TR N 11 BR . 5l AR A
H ¥ (vertical Bridgman, VB) 4= K ) ZGP A1 kb, /K
SEA VS HE (Horizonal gradient freezing, HGF) 4=
K ZGP 1) OPA RERECRARETHE] 63. 1%,
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M1 M2 M3
M2
HWP
HWP
T-S-S
M1 M4 M+
. 4]0 5 () =
— ML: 45°, HR@2.09 jun 35 um
M2: 45°,, HT'@2.09 pm, HR@3.7-4.7 pm,
M1 T=50%a 44-4.7 pm
M3: 45° HT'@ 2.09 pm, T=50%a 3.7-4.3
HWP pm
R-S-S M4: 45°, HT'a 4.3-4.7 pm, HR @ 3.7-4.3 pm
HWP: 2.09 pum half wave plate
M1 M2 M2
B 10 161 W ZGP MOPA 2 4t i 6 B 7 2 B
Fig. 10 Schematic of optical path for 161 W ZPG MOPA system™”
180 354
Seed=78 W 161 W ’ zGP
160 — VB, Slope=54.9% t e 3.0_50_4 .
| — HGF-UG, Slope=63.1% = i
% 2.5 E 02
4 5) E A
§ 0 % 2.04Z ',
=) 0.
Q‘]2(). 142w g 1.51 ? W:\'elegglh(fnm) 10 ]% A
‘5’ v
£ £'10; . v = 9.60um
S 1007 O o5 . A e 9.80um
. : v 4 10.1um
804 0.0 v _10.6 um
40 60 80 100 120 140 160 30 40 50 60 70 80 90
Pump power (W) Pump power (W)
o =1 i 2. SR 451 S 1t S e A4 B 1 3
B 11 ZGP OPA ({7 ¥y b oy 522 B 12 AR TN PylféﬂﬁjFiQiau#IJJ$ &l ZGP
DUIEAT O

Fig. 11 Average output power of ZGP OPA ®*

4.3 3.5 W9.8 um ZGP OPO HIFF 5

2020 4, Liu 2 DL 10 kHz Ho: YAG 0% 2%
R FIR LR T KA UL ES ZGP OPO k4% T °F
Brg i ook 3,51 W bk B M3 10 kHz,
DR 9.8 pm DRI AN 2. 2 KLY
s R 2R IS B ZGP OPO BF5E T 1% fb AR 78
9.8 pm B3 0 F D) 3R R B B AL R, #E 10, 6 pm
AbSEER T S O R 1 W ORY K U 2 SO
SCEGEE RN 12 iR 6 B ZGP R OB 5O
T, TSR R, PR OG By I S 3k E 9. 60,
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MI1: 45°, HT@2.09 pm, HR@8.3 pm
M2: 45°, T=27% @8.3 pm, HT@2.09 pm
M3: 45°, HT@2.8 pm, HR@8.3 pm

M4: 45°, HR@2.8 pm

MS5: 45°, HR@4.3 pm, HT@2.8 pm

L1: plano-convex lens

Power meter

B 13 11.4 W 8.3 um ZGP 201 OPA (1% i Ji #i g =1
Fig. 13 Schematic diagram of 11.4 W 8.3 pm cascaded ZGP OPAF"
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Fig. 15 Schematic of optical path for 5.12 W mid-infrared BGSe OPO""
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Fig. 17 Schematic of optical path for narrow bandwidth BGSe OPO+ZGP OPA system™"
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Table 2 Linewidths of mid-infrared lasers output from ZGP

and BGSe crystals under different phase-matching modes

unit: nm
Name Type-1 Type-11
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Fig. 19 Schematic of optical path for seed-injection CdSe OPO™”
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Research Progress of High-Power Ho: YAG Lasers and Its Application
for Pumping Mid-Far-Infrared Nonlinear Frequency Conversion in ZGP,
BGSe and CdSe Crystals

Yao Baoquan , Yang Ke, Mi Shuyi, Li Junhui, Wei Disheng, Tang Jinwen, Chen Long,

Hua Xiaoxiao, Yang Chao, Duan Xiaoming, Dai Tongyu, Ju Youlun, Wang Yuezhu
National Key Laboratory of Tunable Laser Technology, Harbin Institute of Technology, Harbin,
Heilongjiang 150001, China

Abstract

Significance The 2 pm, mid-infrared (MIR, 3-5 pm) and far-infrared (FIR, 812 pm) bands are located in the
atmospheric transmission windows and the safety ranges of human eyes. At the same time, the vibration absorption
spectral peaks of many gas atoms and molecules are also located in this band. Therefore, these three bands have
important application value in the fields of spectroscopy, remote sensing, communications, earth atmosphere
monitoring, and optoelectronic countermeasures. At present, the methods used to obtain the mid-far infrared lasers
have shown the characteristics of many types and obvious advantages and disadvantages, among which the nonlinear
frequency conversion (NFC) technologies possess the advantages of relatively high average power and conversion
efficiency, compact structure, and tunable wavelength. Thus, it is the best choice to achieve mid-far infrared lasers.

Progress  National Key Laboratory of Tunable Laser Technology in Harbin Institute of Technology has carried out
researches on the NFC technologies based on the studies in high-power Ho: YAG lasers. For 2 pum lasers, a Ho: YAG
Q-switched laser was successfully developed with the highest average output power of 231 W and a pulse repetition
rate (PRR) of 10 kHz in 2018 (Figs. 3-5) . In order to meet the requirements of higher power mid-far infrared NFC
for pump sources, the Ho:YAG Q-switched laser with the highest average output power of 312 W (Figs. 6 and 7)
and a PRR of 20 kHz has also been achieved as expected. In addition, the Ho:YAG Q-switched laser with the highest
single pulse energy of 28 mJ and a PRR of 1 kHz has also been successfully used as a pump source for NFC (Figs. 1
and 2). With the development of high-power Ho: YAG lasers, the optical NFC technology has also shined in the
realization of high-power mid-far infrared lasers. First of all, the research on NFC based on zinc germanium
phosphate (ZnGeP,, ZGP) crystals has yielded fruitful results. In 2019, through the ZGP master oscillator power
amplifier (MOPA) system, the lasers at center wavelengths of 3.92 pm and 4.57 pm with the highest average output
power of 102 W were achieved (Figs. 8 and 9). In 2018, the ZGP cascaded OPA structure was adopted to increase
the conversion efficiency from pump light to idler light by reusing the OPO output signal light (Figs. 13 and 14). In
2021, the total output power of the ZGP MOPA system with the highest average output power of 161 W, the PRR of
20 kHz, and center wavelengths of 3.89 pm and 4.55 um was enhanced by 61% through the ZGP crystal (Figs. 10
and 11). In the same year, the laser with the highest average output power of 3.5 W, a PRR of 10 kHz, and the
center wavelength of 9.8 pm using type-I phase-matching ZGP crystal was obtained. Meanwhile, using type-II phase-
matching ZGP crystal, the output characteristics of the upper limit band of the output wavelength of this crystal were
explored (Fig. 12). While the ZGP crystal keeps creating new records for higher output powers in the MIR and FIR
bands, the emerging optical NFC crystal—BaGa,Se, (BGSe) has made outstanding achievements in the MIR laser
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field. In 2020, the lasers with up to a 5.12 W average output power, a PRR of 1 kHz, and the center wavelengths of
3.9 pm and 4.2 pm was achieved from the type-I phase-matching BGSe OPO, which refreshed the crystal highest
output power. At the same time, the MIR laser with high power and high beam quality was obtained (Figs. 15 and
16). In the same year, the MIR laser with a full width at half maximum (FWHM) of only 8 nm and a center
wavelength of 3.94 pum was successfully prepared using a type-II phase-matching BGSe OPO followed by a ZGP OPA.
The highest average output power was 4.35 W with a PRR of 1 kHz (Fig. 17, Fig. 18, and Table 2). In the
10-12 pm band, the optical NFC crystal cadmium selenide (CdSe) has also achieved fruitful results. In 2020,
through continuous light seed injection, it is for the first time to obtain an average output power exceeding 1 W at
10.1 pm from a CdSe crystal (Figs. 19-21).

Conclusions and prospects In this article, the advantages and disadvantages of different methods to obtain mid-far
infrared lasers as well as the latest research results are first introduced. Second, a detailed introduction of the latest
research results on the optical nonlinear frequency conversion technologies in Harbin Institute of Technology is
illustrated, including the acousto-optic modulated Ho: YAG Q-switched lasers with different pulse repetition rates.
Third, the Ho: YAG lasers with different pulse repetition rates and the latest research results in high-power mid-
infrared and far-infrared lasers with ZGP, BGSe and CdSe crystals in the nearest three years are also introduced.
Finally, with the development of the ultrashort pulsed 2 um laser, high power ultrashort mid-far-infrared lasers is
prospected to become a research hotspot in next few years.
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