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Research progress of narrow-linewidth mid-infrared laser

LU Guorui', BIAN Jintian' , WENG Jiaqi', KONG Hui', XU Haiping' , GUO Lei'>, WANG Rongqing'
(1. College of Electronic Engineering, National University of Defense Technology, Hefei 230037, China;2. School of Mechanics
and Optoelectronic Physics, Anhui University of Science and Technology, Huainan 232001, China )

Abstract: 3 pm~ 35 pm is one of the transmission windows of the atmosphere, including many atoms or molecules’
characteristic absorption peaks. 3 um~5 pwm laser souses have wide applications, such as medical diagnosis, environmental
monitoring, spectral analysis, military countermeasure, and so on. In these application fields, light sources are often required to
have narrow linewidth and wavelength tuning capability. Narrow-linewidth laser is an ideal light source for these applications due
to its small spectrum range and concentrative energy. The technology of narrow-linewidth of 3 pm~5 m laser were summarized
including the linewidth compression method of the Fe**/Cr* ion-doped solid-state laser and fluoride fiber laser, and several
methods of quantum cascade laser frequency stabilization were discussed. The compact and all-solid-state mid-infrared optical
parametric oscillator was mainly introduced. And the related research work of our group on the narrow linewidth of an optical

parametric oscillator was introduced. Finally, the research prospect of the narrow-linewidth mid-infrared laser has been
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prospected.

Key words: laser technique; narrow-linewidth; solid-state laser; fiber laser; optical parametric oscillator

51

i

3 um~S pm PETSMEB R IV KB
K7 B 53 FASBOEHEX | ZEMOB ST 35 ey e
LT SR BN B4 5 B AT T R
TER IR V7 2 T2 75 e b — A f R G

AW H  HERK B ARSI A B H (62105003) ; %84
B HIRFIF LA B H (2108085QA29) ; SOt A 2L
A SR A AT A T B H ( AHL2020ZR03)

EZ R B E G (1999-) , B B iF 584, BB FEA
TE5E P ALAMNEO AR BIFST

= AR A, E-mail : bianjintian17@ nudt. edu. cn

Wik H 391 . 2022- 10- 14 ; WEME B H 391.2022- 11-27

AR A S P LA B RAT R Y R A £k
I, V20 B (O T 5 GG I DA RO e g >
RSB R ARG L A T Rk B A4 O AN
TEHA RAFRDCAR BT 30 B 2 HAE v /N TSRS
TS S, TEAS T SOOI, anfar S B — 20 3RA
WA E PR 1 S BT FE M BOWR IR, X0 T 51 77
PEHRIN V5 SR T b 4 i oy B B ™
HFTSEI 3 pm~5 wm PEEPELAMNEOLRI B AR TS
B AHLEE AT 53 W RD . —Fp R B4 07 =X an RO
v JGEF OGS Al T PRI BOG AT (quantum cascade
laser, QCL) 4 ; 7 — i J2& ) FH = 4 A 41 4 A5 4ot ] 4 7
2 S SEAW R ot iR N O e e A N e i <]
S IR % %% (optical parametric oscillator, OPO) ) |



B4 E el 5 E 5

il

oz
R

QIR N O/ % N1/ hkiid 743

Fﬁ%ﬁﬂiﬂ@ﬁ%ﬁﬂir%ﬁ, KIPR ERER 3 pm~5 wm
HRZL AN AR B 1 SE I BIF 5 e 1) S B B AR
WEFERA " R B RIMERT, AR, A dasfrk
A& T RIPEOCAR TG TR JC L T RS B R R R oK
S T SRR B PO K R, DA, an ] T 46 Ot
TTE R EDEIE S T N E N ANEOL TAR & HFFE Y
PO, BT VEE TR AL TR TR RIS
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WG s TG A 21 T AR AR A F R AR

1 FiEFERLIIE SR
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010 nm~50 nm, FEAEAR A8 35 G E R BOE RO G IR
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Table 1  Progress of narrow-linewidth solid laser

B R

o i i P/ pm /W fgtt/mJ i
201911 Cr:ZnSe % Tm LT HOG 2.455~2.65 0. 475 — <900 MHz
20191 Fe :ZnSe Ho, Pr:LLF 06 3.957 — 0.016 23.2 nm
2019112 Cr:ZnSe Tm : YLF 80t 2.338~2.572 0.92 — 50 MHz
201801 Fe :ZnSe Er:YAG 0t 4.24 — 8. 89 10 nm
20171 Fe :ZnSe % Er bL 0k 4.05 >3.5 — <1 nm
2017t Fe :CdMnTe Fe :ZnSe 0t 5.223 0.81 — 1 nm
2016 Cr:ZnSe # Tm SO 2.3~2.7 1.33 — 0.14 nm
20167 Cr:ZnSe Ho:YAG #0t 2.450~2.570 5.5 — <1 nm
20151 Fe :ZnSe Er:YAG #0006 4.122 0.076 — 6 nm
201511 Cr:ZnSe B Tm Lok 2.077~2.777 0.120 — <0.1 nm

ST v [ A EA H—FOr 2R AE
JE (hot isostatic pressing, HIP ) £ AR X} i AL A 47 4
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512, 2016 4F, STITES 48 AU I T —Fh AL HIP
BB P4 IR B ™ 97 BB ZnSe MR HIAR
WFFEN DB Sl i Ik S TOAREETE ZnSe IR HIE K
Cr" B )2 SR 5 4 HIP 581 Cr B 1 i 25 1
I AR AN B Cr:ZnSe SRR ANE TR, 5K
4 KR, 28 HIP A BJS Y Cr:ZnSe i tH OGS %8
Bl A, AR D g% 0 PR R T A5 1 3
140 pm, I+ HLa] DIAEBE A1 547 5 0 BBl 9 DR 455 i
B

ST v [ A BOEH H 5 —Rh 5 R AE A AR
T I A5 AR A S I 1 SEOL T . 2015 4F LAN-
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Fig. 1 Schematic of Cr** ion-doped ZnSe crystal-'®’
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Fig.2 Optical micrograph of Fe :ZnSe waveguide end face!'®]
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output
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Fl3 Fe:CdMnTe B6 RS2 %)
Fig.3 Schematic of Fe :CdMnTe laser experimental setup
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Fig.4 Experimental setup of tunable single-frequency Cr:ZnSe laser
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Table 2 Progress of narrow-linewidth fiber lasers at 3 pm
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A ==y
iy LT IR L L s
W/ um  TIE/W
202112 Er:ZBLAN 2.7 #90.2  0.4nm
201702 Er:ZBLAN 2.71~2.82 1.5 1.5 nm
2015/ Ho,Pr:ZBLAN  2.825~2.975 7.2 <0. 14 nm
2015'%) Er:ZBLAN 2.794 0.012 <20 kHz
201412 Er:ZBLAN 2.8 0.98 0.9 nm
2013771 Ho,Pr:ZBLAN 2.914 0.011 <0.4 nm
200728 Er:ZBLAN 2.7~2.83 2 1.27 GHz

2015 4F BERNIER %5 A3 T H 4 3 um P BB
Er’ () DFB SUDGEF OGS, SCge s & e 5 s>,
LIS BB AR Er I EALYLET it 2140 © RS
TR RE Sl A AL A 5 Bt A DG ET A A& S ( fiber
Bragg grating, FBG) , SZI0 25 L0, 7F 2794. 4 nm P K
AbFRAT T 1SS R 20 kHz %, BT HA —/NE 5
32 DI 3Rk A, Fe 3% e R T R AR R ACR A Ny
12 mW F10.19%,

FEH42 Ho™ I Z 4 4 ALY L i BOL T g
Frfiim T ERESL, I TR 3 wm P BEOE, — R
5 privE I8 2407775 . HUDSON %8 Al i Ho''/
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(2),(4):undoped fluoride glass single-mode
dou%le-clad fiber

s (3):Er’*-doped fluoride glass single-mode
double-clad fiber

KI5 B’ B2 B MOt o Sc gy v e 1)

Fig.5 Schematic of Er’*-doped single-frequency fiber laser
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Fig. 6 Schematic of the single-frequency Ho **, Pr**-doped ZBLAN fiber
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TS 28 B AR 21 AR 4 ( Fourier transform in-
frared spectrometer, FTIR) F F ZR fiIE 45 R e 7 | 5 — W
JEEE it — AR R WS, 28 64 2% ( photo detector,
PD) By B A5 5, fe S h FURESE 20 BT AY (electrical
spectrum analyzer, ESA ) Il & DR 55 B SuG 48 BL 3k
WY, GG TEE M 7. 6 MHz 4i/NE 107 kHz, ZEA I
AT S AR A 45 i B 17 0, SEEE T X QCL 3% 9 /Y
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Fig.7 Schematic of the strong optical feedback stabilized quantum cascade
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OPO 730 Hiig ik OPO FIXGE IR OPO, AHLLTTF , B
TR RIS B R R, (B e A B 38 A S
U B RS AL RES WA OPO TR
RO iz YRR e M AR 45 22 b DUBOA G TR 6
PER AR E JE YRR, AT T OPO AYAEZ M Fh 1A
B2, W MgO : PPLN , ZnGeP, , AgGaSe, , KTiOAsO, FlI
KTiOPO, 4%, v, & F ¥E 46 £ VT L ( quasi-phase
matching, QPM) 77 20 MgO : PPLN E A B4k R %K
R R 98 A5 00 A, 7RSS B SE PRI A s D A v 4L
SMEOEH 5 B HORTE T, & 3 pm ~ 5 um HAL
Fh OPO AYFRAEBEHE

Fig. 8 Schematic of optical parametric oscillator
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Wk (4) AT LS MgO : PPLN OPO Fr i34

2023 4F 11 H
i P RFIES B, tH OPO 5 20 2 1% RE 1 <P 5 AR AL
VERC &1, FT LIS B RAIOGTE 8 A, 9 .
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b AN, HESEIETE, AL, iz ik v, Ris 3
ZETESE RO , ALl i — R BRI IR 5 155 LR35 98
PEAT LT, AT ) 42 TR 48 PRABOE IS 98 . IR 53 15 5 il
i PR B R [ T A BT 22 57, — RS 0 A
FoZ AT MBSFAXIFRE . 4 AL, =0. 05 nm i,
PRIBOGTE 58 Az i v 6 R 2 dn i 9 pras .
Hh, SEER IR S A I (5 ) 3 B PR DL, 27 IR
BOLIE SRR, AT LR s S i fud | R
POLIE 5E- S iz ek SO . Ik, 75 3 SOl
IR, S ORI SR AN O R . R
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Fig.9 Idler linewidth at different pump light linewidth
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— i B 1% 58 T4 05 e A R OE T R e
R A 1 3 % PN B0 PO DI 3 T B G A A R A '
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UGG R, © B2 T 3RS M D) R 1 T
2015 4 PENG % ARIE T — R i 1064 nm
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Table 3 Progress of narrow-linewidth mid-infrared OPO

g Wi TR it o
WK/ pm /W

202003 JCEFHOE MgO :PPLN 3.7 0.0735 0.271 nm
201813 Nd:YVO, MgO :PPLN 2.9~4.1 1.1 —
20171 JCLFHOE MgO :PPLN 3.017 2.5 0.42 nm
201744 # Yb LA MgO :PPLN 2.85~3.05 2.67 0.35 nm
201441 Nd:YAG MgO :PPLN 2.1 7.1 0.6 nm
201414 B Yb LA O MgO :PPLN 3.4 11 <1.65 MHz
20134 Nd:YAG MgO :PPLN 3.0~3.5 — <5.4 GHz
2012144 JEEF O MgO :PPLN 2.7~4.2 1 80 kHz

e B dc vep it ) R Y E T VBG AR S IR B, AR
2907.55 nm AbRY e KD 30 51,7 W, RERACR
4 22.5% ,3F H OPO WOt TE i A HiZ 4171 9 nm J&
455 0.7 nm LU, SCH R, VBG 7245 /N 214 PR A
Tk 5y T R A G E T . SR, JE i AR VBG Al
PPMgLN (3R, PRATE AT IS O 8 nm,

+
£
10644 nm ¥ B9 <=
MOPA laser M IS M
WA =
A . 2907.6nm
focusing PPMgLN M,

lenses
B 10 ETASEMHY PPMgLN OPO 5254k i e [4)

Fig. 10 Experimental setup of PPMgLN OPO based on VBG*

Sy T TRl SE B OPO FY S 38 A7 33 T s, B
HACA—FA J1 T B, 2020 4F LT 58 ARIE T —Fp
TR T A R WK 5 82 9 D' 2 B IR 7 e, S
WE 11 FRM 1064 nm filis e oG I H 8 4
BRI 10 MHz ~2. 1 GHz, 15 B i — 4>
BEOCLBOGERHAT IO, B AR A6 A 0.2 mm J&
) F-P bp o B, BR AR B OL g v, fEshiz ot

direct

signal
— rren
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photo
detector .~ ~

Y

electro-optic . :‘i]?l%l:cy
D 1064 nm laser

ytterbium-doped
fiber amplifier

polarization
beam splitter

\

f A2 L 3
wave-plate
BT SRSV OPO SCB0s s e L)

Fig. 11  Experimental setup of the intensity modulated OPO*
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Vo MRERAE A S, & BUFE AR R B 8 TR K T
PR i H & A AT B 42, 3¢ B IR 330 2 B0
e, TEMHIIFR K 300 MHz 50T, IS5 R
FasEMEAE 200 s IN/NT 1.5 Hz,

3 i AR L AR IS PR TR, T DR B 4
T B ROCR (B[R] B 2535 R BN AR . O — i
Yo R 28 7 R TR A A, RURH — A 2535 58 1)
WOGHAE R IR 4%, 45 &1 OPO #EATHOK, 1551
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