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Abstract In order to achieve the purpose of long-range gas detection, a mid-infrared laser with dual wavelength output is
developed; this system is based on an optical parametric oscillator composed of superlattice materials. The optical
parametric oscillator realizes a mid-infrared pulsed laser output of nanosecond order with a 500 Hz repetition rate and a
single pulse energy that exceeds 1 mJ through seed injection, and effectively aligns the NO, NO,, and SO, absorption
peaks in the 2. 6-4.0 pm range. The laser performance is validated in a remote gas detection experiment based on a gas
dynamic emission experiment.

Key words optical parametrics; narrow linewidth; spectrum; mid-infrared laser

2| - (DOAS) 22 53 WO 75 35 (DIAL) (L A0 i B A 1

a FO AR 0 35 (FTIR) L AT 98 38 2 S 4 306 2 i i
AR O 5 7 A ST B A A Rk 1 R A4 (TDLAS) %, {H)& ,DIAL fl TDLAS # R £ % J1] 4
PRI H AR B 2SR v e R B ()P AT R S Ab I A I B I U S Ok i AR e BEARY G
R o B RTE KSR B AR NS Y SR W b 5w TERCRE RS . V2R BER E MR T A i B
(4 6% A A0 5 58 A1 /0T L9k BE A 25 43 0l 2 W IR0 1% (2~5 pm) A 5% 0 0% W e e (I i 33 2% 5% B L mT L

Wi BHEE. 2023-12-01; f&EHHE. 2023-12-08; RA B 2023-12-11; MEHEZ B 2023-12-12
BEEWH.: EEREMULIT(SQ2022YFF0700421) (E R H AR B 2% 3 4 (12192251) M+ 5 815 A A 11 (BX201700117)

BE1EE . lvxinjie@nju.edu.cnj “zhusn@nju.edu.cn

0114001-1


https://dx.doi.org/10.3788/LOP232609
mailto:E-mail:lvxinjie@nju.edu.cn
mailto:E-mail:zhusn@nju.edu.cn
mailto:E-mail:zhusn@nju.edu.cn

B R IL

F61EF1H/2024 £ 1 B/BAEEFZHE

I /3T 21 A1 ik B v B B ), PR nT DL AR AR B
B LR DL R T g A BN B R . i an — SR R
(NO) . — 4L & (NO,) . — H ALK (SO,) S AR 43 5 78
2.7.3.4.4.0 pm U A BT A W 0 0, [ I 2~
5 pm I B2 KAGE R O, A KRR T oK
DL b Aoz AR )

H SR L 2T A0k B S D) SRARAIG, B sh R R 2
S % SR B H R AN & R 3l R b LN
S — PRI AT A I AH R R 208 ik B 1 SO RE G B
AR /N AR MR 320 5 35 19 306 A AR, TR Iz Dk B o ot
JRAEH E L, ELMHE RIS B (OPA) b
Z 4k 5 (OPO) 4%, 3% B0 57 R BB A% 7= A I K mT 9 385 1Y)
L AN, B A TR OGS Hr T Ot
PR BT SO B I8 AR A g | 9] 4NV eerabuthiran
ZEHUR Yakovlev S B R Bk U (KTA) & 1R 1 1k
OPO,SEH T 3. 4 pm MY 22 0 IR 18, 3547 T H e A A4
[ JE T 38O R I 5 Cadiou 25 5% 1 A 39 4 Ak £6 1ik 4
(PPLN) I 22 He i 12 S k40 (KT P) S M4, ) B 9% OPA
G0, 76 2 pm K BT TR T SRR B 1 km A9 38
FE AR (COL) SRS o Ry T 52 B8 K 9 i
L Kinder 2% Fl T 5 T PPLN 9 £ 2% OPA &%, 5¢
BT AE 3.3 pm A1 3.8 pm 7 4K &b A ik OE S Bk
e 1 mT, IR R F AR ST A
2k 58 s La %R AR E B R %% PPLN-OPO 4k 58 , 78
3,74 pm P K ARSI T 2. 12 W 9% H 5 Erushin 25
1AW IE PPLN-OPO, JF & T % B e Sk iy op
LA I

AR SC R E I R 500 Hz B9 98 Fb g B i
1064 nm O ERAE R Z IR, 2R PPLN & 4R #4 B XL
WA OPO B I K AE 2. 6~4. 0 pm 22 6] 7] 355 , 2
Jik o 8 IR B 1. 42 mI. FEAR AARIEM LK, %
OPO 43 5 i 4 5 82 35 % 4 250 Hz /9 ON Fl OFF ¥ #%
] 4 P 2T A0, o ON — SR FH Bl 7 18 A ik S
FELR B, RE AR IR, SE BT NO \NO, Fil SO, f it
SRR
2 Rt
2.1 EKiEIt

AT i AR RN AR A T R
B R R, ORI R Tl A= K R B )
BEbe ML B A HEBCAE AR R GO0 A I B R AR
5 NO NO, 1 SO, ik — B S AR TE Hh 21 51 i Bt 1) W Wi i
Ktk ny . B 12 NO . NO,H SO, <Ak 1 1 5t
Tl 2 0 5 KR Sk R T Hitran B098 2 AR P ik 46 7
JE & 1 TR B9 ON FI OFF 9 % [R) il o 210 41
B P K, e ON I K ORS B 6] v 6 3% b B i 1 — AR
W Wb i OFF 3% 4b 1 W i i 4, I FLIE 25 ON
G . MR AN, il i PPLN SR 9 Sellmeier
7 AR DL KHR AR B R G v AR 47 DC S (QPM) J B

1012

1020 NO,
z SO,
5 102t NO 2
=
210
s |

10-23

10 : I‘

2000 2500 3000 3500 4000
Wavelength /nm
E 1 NO.NO,H SO,TE 2. 6~4.0 pum I B iYW I 1% £
Fig. 1 Absorption lines of NO, NO,, and SO,
in the 2. 6-4. 0 pm range
# 1 ON-OFF ¥R KXtz g PPLN J& 3
Table 1 ON-OFF wavelength and corresponding PPLN period

ON /nm OFF /nm Period /pm
NO 2654.76 2600 31.5
NO, 3424.40 3390 30.5
SO, 3996. 51 3925 29.0
SR 0T I A R A S 3

A CH OPO i £ i PPLN & 7444 1, Hot 4k A
W 28 pm F] 31. 5 pm, 38 8 6 35 A 3T 41 A0 K
A3 AR BE B SPE 56 R T X R A 4T A K
I g5 B 2 B o 38 I A% sl R 4 SR Y, L K
T AR RO D K, AT S EE ON-OPO Y 0 X6 i
LI & OFF-OPO By i+ 5 W I 04 i 7% -

4500
| ——- ;‘i:;g‘,'.;. —
i - . . = LA pm o4 : :
& — i * 4305 far
S N .
2500:; 42315 m T ==
18oOF . g
El?ﬂﬂ-—-- ----- .
re."]ﬁog..: N ;7 z -
B0
14{)0-.’ % "I == ' T = ks .
60 80 100 120 140 160
Temperature /°C

Kl 2 PPLN-OPO i ¥ K 1%
Fig. 2 Wavelength tunning of PPLN-OPO

2.2 RHigit

JIT B 0 % 32 H PR A0 A B < B A R K e
A IR A OPO, R4 & 3 frs . Hodh &
T FR A% 35 28 FURCR 28 PR A0 A0 B o IR 35 25 38 8 FE G ]
Q 77 ¥ 77 AR T A Al 500 Hez ik b K B 18 ns 19
1064. 4 nm T 20RO o R PR K ol A SRR 1 L R
FHAE S 1 3 38 38 i (NPRO) 2 I A Fok i A . R
T i B B LR 28 2 XU TR B K SRR, 4850 A A
43 N fE B A S D IR IE 5S8R IO, R R N

0114001-2



FEBA R X

F615F18/2024 £ 1 B/BAEXBEFZHE

PBS: polarization beam splitter;

HWP: half wave plate;
1 BSLS: beam-shaping lens set; 5 ns 500 Hz
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Fig. 3 System schematic diagram
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Fig. 7 OPO structure design. (a) ON-OPO design drawing; (b) ON-OPO physical drawing; (¢) OFF-OPO design drawing;
(d) OFF-OPO physical drawing
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Table 2 Spectra and absorption effects of different OPO mirrors’ reflectance

Reflectance Spectral quality Experimental effect of gas absorption cell
Spectrum is broad, and there are multiple peaks, and intensity of ) . o
50% Transmittance is large, and absorption is poor

each peak is not different, and effect is poor

Spectral width is narrow, and there are multiple peaks, and . o
. . . . ) Transmittance becomes smaller, and there is still a
85% intensity of each peak varies greatly, and a main peak with large . . ) )
. . gap with theoretical simulation
intensity appears

75% Spectral width is narrow, with only one main peak with greater It is basically consistent with theoretical simulation
0
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Fig. 8 Signal optical spectra of OPO. (a) Signal optical spectrum diagram of free-running OPO; (b) signal optical spectrum of OPO

after seed injection

18 i DL SO, A HR I A7 451 , 75 o 21 41380 R 8k A B2 376 B i
o N R R 3 e R B R R 9 R
yal P B R , AU ON-OFF 119 5 5 2 (A X ik vk g i
Bial S 7R, 110 RAE AT SR T SO, 1y 12 3 U
B sl | BV IE 5 9 R R 06 R R S 9 NO,
S 6l 1 & [ 45 0 548 FE S 0. 047 mg/m*, SO, 48 1 5 48 F Sy
oat / _/-" s 0.257 mg/m’, NO [ ) 2 B 4 0. 940 mg/m®. &
02f 4 = LR b, TR FF R T R B S BRI S . A B
e —— ———— B 07 M 200 m Ak 1 [ 5 8 S04 L R — A EHR
Energy /i 400 mm FL T {1 455 75 38 FF 11 LA K% () BE 5 F 1 HE 548
B9 ON-OPO i 2 TR A 2 m, DB L B A A [ 3 AL O
Fig.9 Energy curves of ON-OPO 1 SO, b5 HE S, LTS5 Y SR HE L, LR A Bl Bl 4%

B EL RO XN B9 S S OB B K O 1774.5 nm. X * Exp. data *

oo

—4-Theo. data

AP DFB O BEIE o o il AT, M0 ks B IR R
FH 3% 22 3 OPO 20 DFB AR b Fl 7 3 ADG . 1% &
OPO H 50 W BT % 52 6 £F WOt 45 38 W, R S 91
31.9 pm 1Y MgO: PPLN1E 2 2 i 14 25 /v ot , R ] DU 52

-3
+

Exp concentration /(mg/m?®)
{=r

5l *
WIE AR NI IR I o 7 i IR EE D 98 “CIit, OPO Hii Hy -
15 56 K 9 1774, 4 nm L D13 300 mW Ll i i &
gl B FICALE . LT ILESZ OPO I B AR 1L =
S Ek[15] M SCHR[ 161, Theoretical concentration /(mg/m?)
A KT TR 4t P10 SER e I AR R B v P 1
Fig. 10 Comparison between actual mass concentration and
TS 0 AR b () S W WA S 1E AT 0 4K R AR E detected mass concentration””

0114001-6



B R IL

i VE Sk B 2 S E B AT 256, HL P B AT AR BB LT
B S o TSN T S RE . SR IR shOR R S
FRERRERFENE 2GS REIT MBI, W
TH PN R AR A g b g R R SO )T 6
MU SR HE R SR BGE R M SR AL, )
WA b SOSRRE sk i . B 112 Sh A HE
PRI ZE S o 2 ik Z2 R 5250, A% 3 G0 (0 800 BE B 3k %)
1 km, e 4R 0 FE BS TT 3k 2. 2 km.,  FLAAK B9 5256 5 72 A
GERN[ S k[ 17] . bR ST 45 5 U I 4r A XUk
KO RS 98 X B AR AT BT, O JE R HoAe i A <K
RN H v i) g

close — 50,-tree
~ 40 :
£
? 30 2 close
= \\f_“: 6{
= :;-:(' /?g ’
2 209 5 open (9
g ~ .‘q'J
§ 10
S 0 no board i
tpen
~10 i i
0 20 40 60 80

Time /s

P11 Shas HE Ry i 2 R

Fig. 11 Measurement results of dynamic emissions

Jo S AT T NO M NO, ) 8 T2 S 45 I 52 55
HWEH T OPO By 3 4 1T 1738 DA Kz B 000 Mk BE T LA % 41 b
7 FH G R A AR 2 B 5 R L SCRk (17 ]

5 EAiHEE

21 A BE I O S R A AR R B R
RO R IR S R SRR R R R L R
SR IR BT AR B 2 4 B B A5 T T EL A R B A A
i+ H A0 R 0 P AN O A R D TR T K
(QCL) & SARWOLER , & T T 8% Sk e, —
MEAY U 5B A9 TDLAS £ R w1 /A 1 T ik
TSR FR I A RO 4 22 43 v 21 MO 25 9 A DGR
FEMNBETF R R G B K2 R T A T
T3t AR AR I Y XU K T LT AN RS A R R
WAL T P LA OPO B AP F 1 A A, - ad S i
44 0 S 56 B0 T % OE A A PERE L 3RS T bR B AR
ENEAVIESS

7 S B A XU K P 2T AN O B LA RS 4
BT & £ 8 2548, BERS 7E 2. 6~4. 0 pm Z A #E 17
JEIE  ELA W 2 RS AR RE T s 0 TR I AR AL
SERAR AT T SR AT A L, 45 R R W R IR
215 DFB & e i By g Jr 20, 232 BT DFB (1)
By DR, TR R 09 0 £ B OPO B BT ol 5 K Y BE
J1 R A T AR, 75 Z i — 4R T OPO I &
A R E M LA B AR 5 R AL, R 2 AN D BE O 1Y T 1)

[17]

F61EF1H/2024 £ 1 B/BAERBEFFEHRE

PR AR 55 , i S B A0 A0 I ) v BRI 4% A T RE I

X

(3]

(5]

(6]

(7]

(9]

(10]

[11]

[12]

[13]

0114001-7

Ry WO S B IR BN T OHEEE
5 £ X W
Lamard L, Balslev-Harder D, Peremans A, et al.

Versatile photoacoustic spectrometer based on a mid-
infrared pulsed optical parametric oscillator[J]. Applied
Optics, 2019, 58(2): 250-256.

Persijn S, Harren F, van der Veen A. Quantitative gas
measurements using a versatile OPO-based cavity ringdown
spectrometer and the comparison with spectroscopic
databases[J]. Applied Physics B, 2010, 100(2): 383-390.
Yakovlev S V, Romanovskii O A, Sadovnikov S A, et al.
Mobile mid-infrared differential absorption lidar for
methane monitoring in the atmosphere: Calibration and
first in situ tests[J]. Results in Optics, 2022, 8: 100233.
Veerabuthiran S, Razdan A K, Jindal M K,
Development of 3.0-3.45 pm OPO laser based range

et al.

resolved and hard-target differential absorption lidar for
sensing of atmospheric methane[J]. Optics &. Laser
Technology, 2015, 73: 1-5.

Cadiou E, Mammez D, Dherbecourt J B,

Atmospheric boundary layer CO, remote sensing with a

et al.

direct detection LIDAR instrument based on a widely
tunable optical parametric source[J]. Optics Letters,
2017, 42(20): 4044-4047.

Kinder J F, Moneke B, Erst O,

parametric oscillator and amplifier providing tunable,

et al. Optical

narrowband nanosecond laser pulses in the mid-infrared
with mJ pulse energy[J]. Applied Physics B, 2022, 128
(10): 188.

Li G R, Guo L, Xu H P, et al. Watt-level widely
tunable narrow-linewidth pulsed mid-infrared MgO:
PPLN optical parametric oscillator with a F-P etalon[J].
Optics &. Laser Technology, 2023, 160: 109064.

Erushin E, Nyushkov B, Ivanenko A, et al. Tunable
injection-seeded fan-out-PPLN optical parametric oscillator
for high-sensitivity gas detection[J].
Letters, 2021, 18(11): 116201.
HITRAN online[EB/OL]. [2023-05-06]. https://hitran.
org/.

W, MK IREPE, SRS 22 4 MO0 TR ik
NO, M 4k 37 4 28 5 Sz #0 Be 7 L0 [T). 2040 530t T
&, 2018, 47(10): 1030002.

XuL, BuL B, Cai H Z, et al. Wavelength selection and
detection capability simulation of the mid-infrared DIAL
for NO, detecion[J]. Infrared and Laser Engineering,
2018, 47(10): 1030002.

Paul O, Quosig A, Bauer T, et al. Temperature-dependent

Laser Physics

Sellmeier equation in the MIR for the extraordinary
refractive index of 5% MgO doped congruent LiNbO,[J].
Applied Physics B, 2007, 86(1): 111-115.

Kane T J, Byer R L. Monolithic, unidirectional single-
mode Nd: YAG ring laser[J]. Optics Letters, 1985, 10
(2): 65-67.

Wang X H, Jia K P, Yao H Q, et al. High-energy single-


https://hitran.org/
https://hitran.org/

B R IL

F61EF1H/2024 £ 1 B/BAEEFZHE

[14]

mid-infrared  optical  parametric

longitudinal-mode

amplifier seeded with sheet optical parametric oscillator
[J]. ATIP Advances, 2021, 11(6): 065104.

Xie Z D, Li X J, Liu Y H, et al. Cavity phase matching
via an optical parametric oscillator consisting of a
dielectric nonlinear crystal sheet[J]. Physical Review
Letters, 2011, 106(8): 083901.

HuL M, He Y Z, Li X J, etal. A passively wavelength-

(16]

[17]

0114001-8

stabilized mid-infrared optical parametric oscillator[J].
Photonics, 2022, 10(1): 5.

Liu Y C, Xie X K, Ning J, et al. A high-power
continuous-wave  mid-infrared  optical ~ parametric
oscillator module[J]. Applied Sciences, 2017, 8(1): 1.
Gong Y, Bu L B, Yang B, et al. High repetition rate
mid-infrared differential absorption lidar for atmospheric
pollution detection[J]. Sensors, 2020, 20(8): 2211.



	1　引言
	2　系统设计
	2.1　波长设计
	2.2　系统设计

	3　ON-OPO的谱线控制
	3.1　ON-OPO和OFF-OPO的结构设计
	3.2　SOPO种子注入
	3.3　DFB种子注入
	3.4　连续波OPO种子注入

	4　气体远程探测结果
	5　总结和展望

