% 51% % 8HI/2024 &£ 4 B/ EH,

R0 IO 2 5 e 25 A AR O

EAALRZE, ZNE, BFEY, Kk
'RIFIREFBE LR, 107 P 030619;
ST RO A S AT i Tl SO e TR E R E SR E, v KR 0300065
SNPGRS P R BB G, I PE KRR 030006

BWE O TSNS R T IR S BIR A (SRO) BT T Hokg 45 v i 52 i . 76 PS40 B 00 SL 6l |
SLURHEHE T R T B 2 S AL B Y JE 00 i AR R R AR (MO PPLN) i 1A () 79 45 B 0k Jiss 1 DU 455 3R JE i SRO . B 0k i
SRO (B E iz P& 3.2 W, Sz e T 14.2 W I A5 SOE MR BOE TR0 8 5.2 W 2.2 W, 2401588
FR T 15 W EE, B3k i SRO B H 3y 23R 04 52 0 1 Bl 3328 96 ) 3R (0 38 T ek /) | 5 BE TN 22 38 K. BRTE i SRO
W) B EEE RN 7.2 W, Y256 D)3 25 W i {5 5 6 R AR 6 23R 4300 o 8.1 W R 3.6 W BRI 5 SRO i
HF 7 S5 S U0 A R TS TR R — B, TR PR KRB SRO fin B9 4E S OGTE 2 h R SR S 4 AR T 2 2.76 %
I+ 2.53% , 55 % Jis P HE I SRO Hir th A9 ARG TE 2 h R S 3 3l 7 BIE T+ 1.24% F1+1.19% o BRI s L3RI

JiE SRO i H A5 5 06 19 AR B8 4 B4 F + 40 MHz K + 28 MHz,
KR AN, BIROEESRIRG; GBI NG SR B

RESHES 04374 XEFRERS A

1 5

PRALT 1.5~1.8 um F 3~5 pum HIZLAMEOGTE A
H 25 (0] 3 R AR I BRSNS e M A
Yy B 2 AR AU T BLAT T2 W o R T OB
et DG BOEE ERBOGET PE Ok A &
WReR AR Ao . S A, ¥ S E
P35 #% (OPO) " AN BE 3R A5 R 155 3 1 B8 58 A1) 30O
LAY B S B v T ORI R R M I OB R L
A AR PE OPO s iz S A5 5 o6 F1 RS G () 2L 3R 18
W, )R H 2y R B R R OPO(SRO) W AR A1 = 4%
OPO., H v, SRO H 55 fifi {5 5 o6 (8 # N 5k ) 7
OPO Ji P9 4z, H& 31 b i B, 25 5 3845 )R 5 v [

T A HH R T RRE B 20 AMEOE .

FLAE 1996 4F , Bosenberg 2573 11 52 56 WF 98 & B,
FIFH 1.06 pm 54500 30O 2% 32 32 1 J8) 30 M A £ 48 1
(PPLN) fid 4 59 BRI Jis SRO i 9 20 AMBOG T 5 T3
iz 5 . 2006 4F , Henderson 25 ] 1.08 pm
o6 £F OG A iz T 18 44 A BE 1 PPLN (MgO:
PPLN) i iKY SRO, 35153 T % th T #4750 mW (1)
2.80 pm PRIABG A T, B (E D)%k 780 mW |, o o e 4
B IK 26.7% o 2016 47, 2 b %50 E o I Ak a2
O Ty 2 F i 5 B L AR A T 8 WY 2,90 pm IR AT

i

DOI: 10.3788/CJL231145

e LR A R N 19.5% . 2019 4F , Bae %1
FIAT1.06 pm SOz 3 T B T2 MgO : PPLN @4 (1)
OPO, MHliz YeThF N 1.1 Wi, 3-8 T R IR N
64 mW 19 3.50 pwm R 450 )% fir o, O AR 3R R
5.8% . 20214F, Wang %' "R FH W i =X OPO 25 44 , il
1B GPEK  1.06 pm, Mz 6T R 9.1 W I, k15
T 1.08 W 1 3.19 pm W B S it Ot ok B B 20RO
11.88% . 20224, T i Jo %R I 1.06 pm 550 3#0O
#% iz L F MgO: PPLN A1 PPKTP i & (19 31 JE &
SRO, 4z e sh %k 21 Wi, 1.55 yum {556,339 pm
PRGN 0.775 pom A5 550 B i 8 TR 4351 o 2.1 1.7
L1 W,5hNETRFaE (i) a5+ 2.5% .
1.6%.0.8% , MO IEHE e % 7y 23.3% o

R T i — 2 A SRO it H 2181 30 1 e 45 30R
IR B, AR SCHFSE T SRO Y s 760 %6k L5y A4 1 114 5%
W o B S NEEIE E T TSRO K LA R AR 4R R R
Xof s PN AR PR AR 5 0 B4 R 5 B0 A B I AR
Fa e SRR s, FE SR i —25 8T T SRO W)
5% {41l 32 ) 28 LA K iy o S0 T 2R B i a2 D6 D Z 0 AR Ak
KR, RIGHELE LHET RS YR ES R
B 1.06 pm 36 2 iz 09 P BE 9E U e R B 2R ORI
SRO, H H MgO: PPLN fh & 44 1 , 15 5t 34 H 8 55
FA S B 9E T B RP TR SRO i HE 5 5 6 AR A5

Wi B 2023-08-28; EEHH: 2023-09-22; RAHBH: 2023-10-07; MEBHELZBH: 2023-11-13
BHETH.: BEXEHARRHIES (62175135) 1L P94 w25 A RHE G155 01 B (20211.447)

#{E1E%& . kuanshou@sxu.edu.cn

0808001-1


https://dx.doi.org/10.3788/CJL231145
mailto:E-mail:kuanshou@sxu.edu.cn
mailto:E-mail:kuanshou@sxu.edu.cn

#5514 £ 8HI/2024 £ 4 A/ E# N

I T R B Az e TR B AR A, DL O K T T
2 BT

SRO iz Bt R = B 6o, an S B R A A
TR, AR T LLARAS B AIK  B a2 Ty 6 (H v fR AR
B A7 TE 0 BN 25 5 B0 T OB I R 1 RN R T B
A 2%, AT Ak SRO M i Hh RE I B L AR SR AR (I
REWT N DI SRO. ATEAEBE T SRO i A 45
PR BEEAE b, BEE20 HT SRO B Y K 5 28 1k A Y
% B3 R FE X SRO I8 £ 2 1 2 B0y 5% ) LA SAS ) i
R SRO MO R .

OF % B SRO WY &5/ W& 1T 78 o 3E % s SRO
WA 1R A2 R B [T BE M ML FIE 28 R
B, e {5 5 6 e s P LR I 38 T ML A A
PRI AT ' B VR 2 3k AR 2 A S 3l o ML B s e
Uk AR LRV SR AR 2R 1k S A i T ) 1 T B Y B
¥Rl

forward leg
pump
< dl idler
) | < '! i »
signal
—
My backward leg M,

K1 3EDEE SRO Y Z5 4 7R B
Fig. 1 Structural diagram of standing wave cavity SRO

B 1 SRO &5 M W E 2 T s o 3R 1 SRO
242 B MBS ML ML LR ST 85 ML M FEE
Lk SRR B, LA S A I N IR O 38 1 M A
A PR S O B R B A R R 1 A
b M AR 2R b M o T 2 MR ML I BR E 3h ,
155 06 N M, 28 M, il ML A% i 21 ML R BE 25 Oy £ AR 4R
PE b & MgO: PPLN fh ik, LK B8 [ (55 6 ek
2R AR B I BT SR O e, T AF] SRO R RY 2
HTHH P oo

5 A IR I 69 ABCD J8 B 4y M3 8 SRO Jis

idler

pump

signal

M, M,

2 IR SRO M 257w B &
Fig. 2 Structural diagram of ring cavity SRO

KA AN MgO: PPLN A 1) $475 55 £ B X8 e s
SEMES BN . 76 & TRz &0 AL Sk
XN SRR SR R 2 S EBGE BN . i TN
ARG B ZE 1 2 6 B B o A 2Rk A 20 AR 2
P S AT PR A a2 e i W BCE A 50 1 I B
B 5L v SR oD B A, 74 E MgO: PPLN
mn R HGE BRI (Nl
= K. Xﬂ

aSPS( dn/dT) [’
KK A MgO:PPLN iR G K =4020 W-K
wo K AR M AR O A E S ORI BE 5 o o MgO:
PPLN #h AR5 5 06 i I R 4K, 2.~0.008 % *mm 5
P2 SRO W i L4k 09 15 5 6 2 % 5 dn/d Ty MgO::
PPLN i AR 47 55 28 () Bl BE (T) 2846, dn/d T =5 X
10 °K ',

T MgO: PPLN J £k o & 1A 55 K (52 56 F 95
H K B /=30 mm) , 7€ # & 50 1 i 72 o MgO:
PPLN {4 10 #4375 B 45 4% hy () HE A (W] 1 £ B 22 Oy 8711
8N HIE BT, WG 5 e e AR 4R M IR b A% i — 2 B
(1/2) B 5ERE AT LR IR h

(1)

[ 1 0 /
M= 16n, || 1 160, || . (2)
0 1 8f 0 1

BEAE SRO & N IR B 15 5 06 DA AR e 4h JF 4
&5, i I AT A5 30 5 30 e AR I SRO BY A% B 56 14 43
Gl

1 O
(‘xs B~) "r (1 Zl)
CS DS O

, ).(1
—— 1/ o
1
o )= )( 2
C. D, 0 1) {——

8t
]

1/ ! 0 1 /
)'Mz'( 1)’ 2 .( l).M’ (3)
0 1 — 1]\0 1
r
) 1 /7 ! 0 1/
.< 3). 2 .( 2).M’ (4)
0 1 *7 1/\0 1

e s e 43 500 2R B I RN B I

SRO F& a2 iz F 200 W 298 Ik I 0 R 1 Ak 1
[(A+D)/2|<<1. &l 3+ i i 4 fsE 2 45 51 0% L
A (3) L (4) T35 ) 5 5 U s F IR JE B SRO 1 F e
ZH(A+D)/2 B (R 0 K 20+ 1, R B
K 20+ 4+0) WA e, B =50, n=

25 mm , =100 mm,n.=2.13, 3 L& 1k 14 1) 25 Rk 44
VR SR HCH 25 mm(fF 5 65 1 D)3k 3 W B XA Y
T B AR IR, BT i 9 R R 15 50 1 9 I T SR 2
145 W), WK 3ATLAE Y3 E R IR IE F R 35 mm
Ham ) 65 mm B, SRO ¥ 0] 25 12 5, 5 12 1 4R 11 B
E M A5 1 8 s 4 AR A BT R 30 mm ;24 I 18 R ks

0808001-2



#5514 £ 8HI/2024 £ 4 B/ E# N

1.0 o
2 = = = standing cavity
) e 1ing cavity
N
~ ’
E 0.5F P
N ’
E F]
Q
4
: '
=1 ’
B’ ’
= )
< -0.5F ?
n ’
’
=
-1.0 e L e
30 35 40 45 50 55 60 65 100 200 300 400 500 600 700 800 900

Cavity length /mm
K13 SRO &I R e 1t 2 R I o e i < 19 A2 1k

Fig. 3 Stability parameter of SRO cavity versus resonator

cavity length

B K 135 mm 34 50 5] 905 mm B, SRO 2 1 4 5F iz
e TG VSR s R MR SRR I i R AR A VE B R 770 mm,
AT AH SRO 7E 5K I s 2 80728 k3 [l N 35 0] fa
BB B FEBETE SRO B 8 BRI 4R s 09 s K R [(A+
D) /2|=0 B X W7 9 i K, RPE $8 08 % i i 1 A 54 mm
(/=12 mm) , HIE RN 516 mm(£,=386 mm) .
TE SRO KA % 5, i1 (1) ~(4) 7] RL 43 5315
O O AR R i SRO YRR Pk S B0 445 B A R
B AR AL R, A TR g R RS T s . T AR
M AR LM AR B PGB B AR IR N T 14 mm B B Y
AR5 SOE R T R 2 260 W) |, 3E % i SRO B 2 &
PESHKRT 1,SRO B AR RER E B . B AE L % db
A 0 PGF 5 AR FE /N T 10 mm (U B s N SR 4R 5o

1.4
A = = = standing cavity
1.2} = ring cavity

10—~

08}
0.6} .,
0.4 ..

-

02} S TTeeea._.

Stability parameter (A+D)/2

010 ZIO 3:0 4I0 5IO f;O 7I0 80
Thermal focal length /mm
B4 SRO i FasE P2 B0 MgO - PPLN & A #1435 5 45 B 11
e
Fig. 4 Stability parameter of SRO cavity versus thermal focal
length of MgO: PPLN crystal

Iﬂﬁéﬁjﬂmw) A i SRO By B2 5E 1 2 50415 8K /1
F1,SRO M RER A IZH .

fbuerROw PRI EER A JERE BN — 2 e
Ay BT ASTA] s 8 SRO (1 306 5 Rk o T i R ER T
JiE SRO & N 45 9637 1) 2 A dn 14 1 FEL 2 firos |, SRO i
HI R R w, B EE 6 AT B R LR A R 7 A R
H oo Mo WG S E IR . 755 PR ATF 5T bk 55 R
BT 1, AR 2 i AR B /DN T s A A 3 ) B il
12 06 5 5 6 R R A A 3 A K BE PN T L RLA T
BT . BE U SRO i s O P IR o ot AR 4R
P fb AR, BRI 7 B () R 2 A [ A% i A Rz ) A% i s A
SOCR TR g5 o BRI ARG AR AR 7 S e T DL 2
W AN T, T B PN A o L 1) R R[] A% i B 7 T R
B 2550 R

. ' I
AP, = —8d e,w, Im(JA: A;)Afdz'dydz> = Sa/d(eowhfZTtrdrﬂ A:‘ A,(0) ‘Zsz sin (gz ) cos(gz )=
0 q 0

/15

2A

AP =
As

0

s Ps'pjexp( — Zu)sinz[gslexp(—mu)]duz
0

.
ZJP,\,,Jexp( — Zu)sinz[gglexp(*mu)}du, (5)
0

0

o | N
/l.l Psp{l — ZJexp( — Zu)smz[gslexp(mu)}du}Jexp( — 2u') Sln“[gslexp(*mu/)}du/, (6)

AP AN AR AR PR SO AR R A S i A
o AR LA i R R RO 7 R 8 B SR sy 2 TR

4 eff e
kR s gl = miA,ﬁ*Aﬁﬁ%@mW¢%ﬁﬁ

%E@}iﬁﬂlﬂ,ijﬁl%ﬁ P b A R PR BT B G, S AR
2 it R v PRI B T 255w O 2 BB — R
AR L i AR IS D8 TR A A 18] A AR 5 0z D' IR BE S T 1Y

B 5 o T3 6 58 Uk g et AR 4R A I O R
1) A b 5 2 ﬁ@mmﬁmwﬁql%x“A;

4T[d eff

= AL, AR R R s O Y 4 T

Riqg=/qiq. s d WARBNE G IR I Z B AR Sk R B e,
NEZA R RG A, A0 D AR A b il iz e
(9 PR M DA 5 AR, 23 500 D AR Z AR AR R 4R 5
PR AN 55 35 A AR LA S R B RO 7 0 PR 5
4 AR T A B 5 mjﬂ%ﬂﬂL;’Mﬂh?)ﬁﬂ%ﬁfﬂ’Jiﬁf P,
R BE A B A B O TR g W R R gl =

322 d2lE.P. o o
L A T T L EN R LT

npns){,zft},ceo( k— 1)

0808001-3



#5514 £ 8HI/2024 £ 4 A/ E# N

N RS BT R h=k b b kA BRANIEE R Kb P IR N BN E E TR g R B T
SR R I ¢ WILES R EOEE PL R AR, 32n°dleP

= S MR Pl IR A AR
Bof 28 ok AR LR vk SR AR B Sl e T R RoR R & npns)t?/lpcso(k* 1) i AT NI
» X E
I%_P”1_2&“N_2”$”BJ“M_MMM“O FRI I  1 5E 45 35 26 1
7 AP, =(T.+ V,)P., (12)
U1+V)R:AP%AF_ (g)  GORER R 25 A R . B g AR/ ol
Ty MU S h s v g gy SRREIFRIEIR SRO 0 i 04Ol
F3 5 0 5 — A7 22 57 10 HL ARG . SRO F B fm””””“;@ﬁg”“““”%ua
WS, @ AR /N Fh O 75 30 B 3% 8 SRO B9 B {5 41 12 T T ete
ﬁﬁéf N HRAESH R4 I BRI I SRO B 0 1 5256 il J
(To+ V)1 +m)(k—1)nnlAce, TN
Psxh: P o (9) I)r out —— 7‘,-SP,-s
Gdn” .l A (14)
RO T 5 4 P BE % 1B SRO i H A9 4325 0 bR 3t Piou= A<T+V>P
y FANE '
ﬁmﬁﬁﬂﬁp . AR (9) . (10).(13) . (14) L% 5280 5 54
o (o) FSTBEVEIR SRR IR SRO 00 1L D) K i

Po= im‘+v> {5 A RO B T 2

i

ﬁ%ﬁ%mwﬂ%%$m¢mm@%$mﬁﬁ 3 LI E

Y S BRLLAN O it S . B LI 8 9
AP,,=2— A Prpjexp( - Zu)sm [grlexp(—mu)}du, SR E LR 1.06 pm FOLAT it D18 2 30 W 2
AT %54 200 kHz . 1 min P B9 95 % 5 8 /N T 5 MHz. fillig

(11) HeE et v A TAIHWPL) FOG R 2 2% (O LA 1k

=l
=
7

[} b
). s L3 Mil
PBS2
T HWP4
signal
M10 ¥
I HWP3 PBS1
I L2
i
| - '
11
) .| 4
| v M9
HWP: half wave plate OL: optical isolator (1064 nm) F-P: Fabry-Perot
MB8: dichroic beam splitter PBS: polarization beam splitter L: lens
M9-M11: high reflectivity mirror PM: power meter PD: detector

FS FIH ARG 2 IR v 7 A M 2 PR LT AN B SR 2 B

Fig. 5 Experimental setup for generating continuous-wave single-frequency infrared laser by SRO

0808001-4



#5514 £ 8HI/2024 £ 4 B/ E# N

G EA S 2O g HOE B i R R
R 2(HWP2) £ il 442 Y6 i A SRO B&E /9 9% 77 1] o
S5 W 5 A5 B O bR R g b il iz Ot Y 0 5 38y 8804
iz Y7 E A B SRO B Z /1, Zead B2z oo 5 H )
RIA — R B FE , b SRO B A #3269 T %
KN 25.5 W, BB SRO B & A R4 52 M2 Ay 1]
T B A 12 ' 5 38 1 B PR AR R 5 0 v R B (3 4
R T>95%@1.06 pm, [ % R>99.8%@1.5 pm &.
3.3 pm) , PP A fhiz EIU B (R<<0.2 0 @1.06 pm) ;
iy R A BT M3 T 1 A 2 ' R BORE | PR A
B RS 5 Ot 4y )9 B (R>99.8% @1.06 pm,
T>95%@3.3 pm, R=97.5%@1.5 pm) , *F 1fi ¥ 45 15
56 R PR D B (R<20.2% @1.5 pm & 3.3 pm) .
FIE I SRO B B A B M4 1 111 1 4% A5 il 12 6 = 1 IE
K AF 5 6 TR O = B (T>95%@1.06 pm, R>
99.8%@1.5 um &. 3.3 pm) , F 18 ¥ A 1 iz 6 9 fz
(R<<0.2%@1.06 pm) 5 ~F [M145 M5 /9 M1 8% A {5 5Ot
R PR AR O B B (R>99.8%@1.5 pm, T>>
95% @3.3 pwm) , - 11 85 A7 Fil132 St R PR A 8 s R (T
95% @1.06 pm &. 3.3 pm) ; - [ 85 M6 1Y 1F 1 8% A 5
S E R (R>99.8%@1.5 pm) ; - 1fi &5 M7 (1) 1E i
PAE S S (R=97.5% @1.5 pm) , 75 1 9%
1556 iR (R<<0.2% @1.5 um) . M3 Fil M5 [ 2
P& (PZT) bl i 3K 8 PZT 45 i F1 8 2 SRO
MR o B P etk AR SR FH RS (B X8 XK
)1 mmX10 mm X 30 mm . 5 2% S A0 B 1 i &
BR 5% 1 MgO: PPLN g4 & 4 ) 3ifs T 2 45 A ih iz
o AF T O IR G R B (R<C0.5%@1.06 pm &
1.5 pm & 3.3 pm) , # AL JE A 8 30.6 pm. FI 45 T KG
& R 0.01 “CHy B 2 il A 4% 1 MgO : PPLN & 44 1 il
BE o A E & SRO $i 1915 5 56 IR S ) )
AT F U Bl A BT {5 S Y R RO R

B
4 JLEER

M MgO : PPLN f A& 13 B 24 40 “CHY, SRO
far B AE S R IR B O K 4 A 1.553 pm
3.378 pm. BE V% B SRO Hi 19 15 5 0t Fl IR B ' T =52
i 328 't T R AR Ak i KOS T 1] 6 b ik = R R BB
AN BRI SRO W BE 2 D %8 3.2 W. izt
N 14.2 W I, BE 9% SRO Hiy H 0915 5 56 F IR 4
eI ARk 5.2 W ORI 2.2 W, 6O B e d R R
52.1% . HIE I SRO % B A5 5 06 R B D) R bl
iz ot oy R AR Ak i BodE dn E 6 g B RS0 TR B
R, BB I SRO WY BE 2 TR R 7.2 W, Hhis ot
&k 25 W I, FE JE SRO #1945 5 %6 PR 35 %
A5 0 8.1 W HI 3.6 W, 6 G iE i %l 46.8 %,
16 i S22 N B 2R 4351 S A 2 (9) L (10) L (13)
F1C14) LA KR i 5256 2 B0 S T30S 21 0% 51 9 s R

JE i SRO % 14945 5 56 L TR 3G T 25 Bl 4l 32 )t T =%
Ak . Bt A TN L R SR  d—
15.9 pm-V ', ¢=8.854X10"" A-:s- (V:m) ', =
3.0<10° m+s', T.=T.=25%, V.=15%, V.=
2.1%,2,=1.06 pm, A,=1.553 pm , ,=3.378 pm,n,=
2.15,n,=2.13,n,=2.08, T LA I, 7 LA /Y 2 6
2R PR i SRO Hip H 5 T 25 1) 52 I (e A3 10 0
A, Yzt /N T 15 W EF, 3 % i SRO
' Ty A SR R B T S AR — B H S his
FeTPR KT 15 W B, 55 I 1 SRO fiy 6 Ty R B 52 0
B Bt il 328 S Ty 238 A 388 R a0, 5 38 S0 2 SR )
2R K AR (1) T, 2 TR et A K B R A
AR SO IEEE A S R AR R AN AR I, A 2 1 it 44 1) 44
BN 5 NI LR 5 SR T A e HHhiE kT
15 W, 3E % I SRO N 2L 4R 195 ST & K
260 W, JH B =JE 2R A A G345 AR BE O 14 mm, X
B B % i SRO R 2 T S 5k 0,98, 4k 223 findh iz
G E B SRO R EM S 8K KT 1,SRO A
RERS B H , T BUSRO i H DA PRk S8 . 244l
BT RNy 25 W B, BB 1 SRO P 3E4R A9 15 5Ok 1)
370 W, LB HE MR R OB B A BE N 10 mm,
W SROG T LiRR g is 5% o R, #6384 iz ot
TN FRIE JEE SRO i 6T R ) 20 E R s
Ty 2 () 18 A 38 K . &L 6 TR (8 SRO % H T R
e R ] LA B 2 3F 9 SRO /Y B {8 3 i D) R 4K T 3
JE I SRO ) B iz D 2 iz R/ F 15 W
BF, 3 U i SRO 9 %y 3 2 3 45 Pk 2 T 38 B 2 SRO
B A ) SRR S (H M 2 T R KT 15 W S
fiE SRO (1) 4 H Ty R 45 ME BLAE 1 38 % i SRO A9 5 T
FEEPE . RRAS T RS 5O IR TG B ) R B

9
81 signal light from ring cavity SRO
7 -
signal light from standing
E 6 wave cavity SRO
Bt
[
E 51 A
g4t idler light from standing
% wave cavity SRO
OC3F
2 g
1 idler light from ring cavity SRO
0 1 1 1 1 1 il 1 1
2 4 6 8 10 12 14 16 18 20 22 24 26
Pump power /W

P16 SRO Fir A5 5 56 R B /9 Ty 2 Bl il iz 6 D) 28 1 728 Ak
(g SEB R, 26 o FRIR B 45 21)

Fig. 6 Output power of signal and idler light from SRO versus

pump power (point is experimental data and curve is

theoretical prediction result)

0808001-5



#5514 £ 8HI/2024 £ 4 A/ E# N

JE I SRO & b5 4y ) e 4

it SRO BN MgO: PPLN &4 44 i 35 2 AT LA
FAT WA AT A 005 S ORAIR ARG . 24 MgO:
PPLN i 44 it 35 B2 M 30 °CH 5 2] 65 CH, SRO % Hi i
1550 3 K AT M 1550.03 nm 338 3] 1561.38 nm , 3%
7 Bl 35 13.35 nm, XF L B4 PR B0 % 4 AT A 3394.7 nm
JIE F) 3340.13 nm, P& {35 54.57 nm. #eAh, BT
21 A0 O Y O F T R L B A, Y
MgO: PPLN {44 (1438 B2 2k 40 °CH, SRO i th 1915 %
S PR BBOG  K 43 3 9 1.553 pwm A1 3.378 pm. 7E b
W SRO 38 57 25044, I G AR 5 it 43 7 400 i T 15 %5
6 PR T B L SN AY B D% SRO B B E SOk 1
IR 1) b B G R I R M= 1.23, 7F 3 5 )
EROEHR R H T M2=1.12. I SRO 15
SO AE K T ) LSRR B N M = 1.31, £
B B E R RN T M =1.13. T HEE
SRO H i 3% 7 SOE A F s Be A — A S U
HAR 5 O AE KT T 1) b B % AR R PR R O D
SRO #i H A5 5 06 19 R BT & T 5 I 1 R 3 D s
SRO i 1915 5 6 78 1 B 7 [a] 1 04 0% 51 o PR 7 3
KA o H T R R A AT AR I R T i
1.44~1.60 pm, 5250 8 A3 43 4 I 4 PR A 19 6 3R

J

MHE G R 14 W R A G X FE R
150 MHz K 41 B 2 380 1 43 BT s LA B %50 57 7 U #5
0k T SRO fr th 5 S OL B2 9 o S A9 5E I ks A
WIE I SRO iy 15 5 )6 19 28 98 43 %1 0.58 MHz 1
0.43 MHz, %M & {8 52 2] 53 87 s 53 BER A FR A . AR B8
556 LR 58 LA K AR S5 6 RN IR A0 (14 3 K T DLAS B A5
FI) G Y i AR T i SRO % H IR A6 1Y 28 58 4 9/ T
2.74 MHz 1 2.03 MHz. 0] LLFE H, #IE IE SRO i
T ¥ 1 2 T AR T3 U I SRO i i T L 40

kit — 05T SRO Hir H O AR e 1 R R
TR T 5 5 6 R A B K 3 Sk s 5
THI 755 R A A SR (F T UK TR R 1
PRI A G 1 003 T % BB ) o 24 MgO: PPLN i &
M I BE SRy 40 °C L dhis e P % 43 1 2 13.5 W AT 15.0 W
B, B 0k s RV i SRO 1 1947 5 6 PRI A 6 T 2R
Y150 5.0 WA 2.0 W B 7 528 2 h AR5 06
T PR AT 14 Ty 56 I 1) ] 79 28 Ak il 4%, 3 D% i SRO i th
55O F R A R ) R B A B T £2.76 % F
+2.53% , FIE IE SRO i H 15 5 56 1R A i Ty 538 %
BT £1.24% F1+£1.19%

5.5

@
5.0
signal light
45= =
idler light

B 20 [ b Mlsared s MM B bt Lo B 8
g

1.5 1 L 1
& 0 05 10 L5 20
g 55
g ()
S

5.0 AR --ANAN P SSLIEL INAMN SIRTNSR I

signal light
45~ =
idler light
20 F —
15 1 L 1
0 05 1.0 15 2.0
Time /h

Bl 7SRO [ thiz B 5 5 06 A R A3 B D 32 B 8] 59 22 4k o (a) BE I SRO; (b) FRIE JE SRO
Fig. 7 Power of signal and idler light versus time when SRO is free running. (a) Standing wave cavity SRO; (b) ring cavity SRO

WA I 0 SR Y 2 h N I RO B SRO i
HE S ER IR WA S IR, 20 i T+ 40 MHz
M1+28 MHz., 1] LAF i, 7 SRO i H 15 5 6 1 PR A5
S AR BT, PR IE IS SRO fi H BOE T
R P T3 I SRO.

JE LR T E R FM/E K0T R RE
SRO i %y 45 M o 24 MgO: PPLN & 1K & & &

40 °C iz e P R N 25.0 W i, 3R IE i SRO i i
AR 5 6 IR A D) 2 4 i R 8.1 W 3.6 W o
9 Ca) . (b) 4yl kS22 h N 15 5ok | IR B
6 B T 2R IR AR AR il £k A St B9 K )
R dh & o A5 5ot MR L B Zh R ik sh 4 )
i +£1.91% F1 +1.88% , 15 5 ot 09 4l R % &% 1
F +48 MHz,

0808001-6



#5514 £ 8HI/2024 £ 4 B/ E# N

=
&
=1
A=)
g
8
S
>
Q
=
3]
2 25
(5}
=
0
-25 l
_50 1 1 1
0 0.5 1.0 1.5 2.0
Time /h

K8  SRO A iz Fe it {5 5 ot A MR RS M 2k . (a) BE P SRO; (D) FE I SRO
Fig. 8 Frequency drift curve of signal light when SRO is free running. (a) Standing wave cavity SRO; (b) ring cavity SRO

9.0

E 8.5

g 80
g

8175
E

238
8 36

3.4

@)

signal light

idler light

50

Frequency deviation /MHz

_50 ) ! 1

0 0.5 1.0 15 2.0
Time /h
9 FIEIE SRO B i1z ¥ {5 5 06 F RO B9 D1 3 LK AE 5 5t B B304 BE IR ] f) A8 A0 1T 2k Ca) 55 S 0 PRI B ) 246 B R 1] ) 22
5 (D)5 5 ' 1y 531 25 i At 1] 1) 722 £
Fig. 9 Output power of signal and idler light and frequency of signal light versus time when ring cavity SRO is free running. (a) Power

of signal and idler light versus time; (b) frequency of signal light versus time

e A 1550.03 nm ¥ ## £ 1561.38 nm , XF i 1 JA 45 6 I K AT
o e M 3394.7 nm 5% 5] 3340.13 nm.  HE U SRO 9 3

R T AR B S Y RN O R RS HHE T %A 3.2 W, Bz T ok 14.2 W i, {5 5t
2 D) R TS T SRO B Jis AU oA R 10 5 ) FPR ARG T 30 0 R 5.2 W H1 2.2 WO R
HEEIE BT T B U T RN R B 45 8 R SRO B 52.1% . iz YR/ T 15 W B, 3F % 5 SRO i
e DB AE SR M i R 1) B B 007 % T IR M e 1 B2 HE O ) 2 11 S (R B O TN e AR — B (H 2 ihiE ol
Wi, & BLERIE i SRO 1838 4R 11 2 508 b 58 R 13 N AR KT 15 WIRE, 55 9% 5 SRO i ' 2y 5 1% 52 I {5
¥nlfa g s % . vt — A BE 8 T SRO RY (8 iz Bifi il 35 S Dy 25 A 38 O /0N L 5 R e O A 25 5K
Ty L K SO T 2R B 2 O T A AR Ak R X BT B A S TR A B R R R AR ) G B
R S IG 5 T T MgO: PPLN 44 1 W9 85 5% )k Jis BN B Y E SRO N RERR B 255 . I SRO K
DY 45 FRE I SRO. 24 MgO: PPLN i 44 (9 3L B M HE s DR 7.2 W, s St T R Ry 25 W i L (F
30 “C 5 #) 65 “CHT, SRO i 19 {5 5 6 U K 7T M SRR E T R 450 8.1 W 1 3.6 W, et % e sk

0808001-7



#5514 £ 8HI/2024 £ 4 A/ E# N

K 46.8% . PRI SRO Hir Hi % Tl 2 60 52 00 (5 A B
WU AR — B, BE P SRO i A5 5% R IO
FE 2 h N B DR sl 43 5 T +£2.76 % F1+2.53% , ¥k
JE g SRO % H A5 5 Y6 AR ATOEAE 2 h N 1Y D 3R 35k 3 4
BT +H1.24% f+1.19% A5 5K W4 R R
I3 BIE T £40 MHz & 428 MHz, WFFE4s 5 %W, N
ARAT = W05 55 G R R A i s T R R B R e
HIE i SRO J&: I A 6 5

(2]

(3]

(6]

(7]

(8]

(9]

& £ X #
Karstad K, Stefanov A, Wegmuller M, et al. Detection of mid-IR
radiation by sum frequency generation for free space optical
communication[J]. Optics and Lasers in Engineering, 2005, 43(3/
4/5): 537-544.
Peltola J, Vainio M, Hieta T, et al. High sensitivity trace gas
detection by cantilever-enhanced photoacoustic spectroscopy using
a mid-infrared continuous-wave optical parametric oscillator[J].
Optics Express, 2013, 21(8): 10240-10250.
Siciliani de Cumis M, Viciani S, Borri S, et al. Widely-tunable
mid-infrared fiber-coupled quartz-enhanced photoacoustic sensor
for environmental monitoring[J]. Optics Express, 2014, 22(23):
28222-28231.
Pandey R, Dingari N C, Spegazzini N, et al. Emerging trends in
optical sensing of glycemic markers for diabetes monitoring[J].
TrAC Trends in Analytical Chemistry, 2015, 64: 100-108.
Goddard I I, Bank S R, Wistey M A, et al. Recombination,
gain, band structure, efficiency, and reliability of 1.5-pum
GalnNAsSbh/GaAs lasers[J]. Journal of Applied Physics, 2005, 97
(8): 083101.
Shen D Y, Sahu J K, Clarkson W A. Highly efficient Er, Yb-
doped fiber laser with 188 W free-running and =100 W tunable
output power[J]. Optics Express, 2005, 13(13): 4916-4921.
Taccheo S, Svelto C, Laporta P, et al. Experimental analysis and
theoretical modeling of a diode-pumped Er: Yb: glass microchip
laser[J]. Optics Letters, 1995, 20(8): 889-891.
Hanna D C, Mussett S G, Pacheco M T T, et al. A
synchronously pumped waveguide CH, Raman laser at 1.54 pm[J].
Optics Communications, 1988, 65(4): 279-282.
Liu C C, Guo X M, Bai Z L, et al. High-efficiency continuously
tunable resonant parametric

single-frequency  doubly optical

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

oscillator[J]. Applied Optics, 2011, 50(10): 1477-1481.

Liu J L, Li Y M, Liu Q, et al. Continuous-wave, single-
frequency intracavity singly resonant optical parametric oscillator at
1.5-pm wavelength[J]. Chinese Optics Letters, 2009, 7(3): 244-
245.

LiuJ L, Liu Q, Li H, et al. Low noise, continuous-wave single-
frequency 1.5-pm laser generated by a singly resonant optical
parametric oscillator[J]. Chinese Physics B, 2011, 20(11): 114215.
Lin ST, Lin Y Y, Huang Y C, et al. Observation of thermal-
induced optical guiding and bistability in a mid-IR continuous-
wave, singly resonant optical parametric oscillator[J]. Optics
Letters, 2008, 33(20): 2338-2340.

Bosenberg W R, Drobshoff A, Alexander J I, et al. 93% pump
depletion, 3.5-W singly optical
parametric oscillator[J]. Optics Letters, 1996, 21(17): 1336-1338.
Henderson A, Stafford R. Low threshold, singly-resonant CW

continuous-wave, resonant

OPO pumped by an all-fiber pump source[J]. Optics Express,
2006, 14(2): 767-772.

LU, AR, RGN, I SEIOE S i IR A e UL R A
IR BTFE[T]. HE#OE, 2016, 43(10): 1001011,

Jiang H B, Shen L. F, Zhao Z G, et al. Optimal conversion
efficiency of continuous-wave optical parametric
Chinese Journal of Lasers, 2016, 43(10): 1001011.
Bae I H, Do Lim S, Yoo J K, et al. Development of a mid-

oscillator[J].

infrared CW optical parametric oscillator based on fan-out grating
MgO: PPLN pumped at 1064 nm[J]. Current Optics and Photonics,
2019, 3(1): 33-39.

Wang K, GaoM Y, Yu S H, et al. A compact and high efficiency
intracavity OPO based on periodically poled lithium niobate[J].
Scientific Reports, 2021, 11: 5079.

L e, M, O, L 2R T RILIROE S IR G A S LR
LUANE LSOOG Y SE B P [T]. O, 2022, 49(18):
1801005.

Wang H L, Yang H Q, Su J, et al. Experimental study of near-
infrared to mid-infrared laser output based on single resonant
optical parametric oscillator[J]. Chinese Journal of Lasers, 2022,
49(18): 1801005.

Vainio M, Peltola J, Persijn S, et al. Thermal effects in singly
resonant continuous-wave optical parametric oscillators[J]. Applied
Physics B, 2009, 94(3): 411-427.

Guha S. Focusing dependence of the efficiency of a singly resonant
optical parametric oscillator[J]. Applied Physics B, 1998, 66(6):
663-675.

Study on Output Characteristics of High-Power Singly Resonant
Optical Parametric Oscillator

Nie Dandan', Qi Meng”, Li Yuanji”’, Feng Jinxia®’, Zhang Kuanshou™"
'Department of Physics, Taiyuan Normal University, Jinzhong 030619, Shanxi, China;

*State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics, Shanxi

University, Taiyuan 030006, Shanxi, China;

‘Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, Shanxi, China

Abstract

Objective

1.5-1.8 pm and 3-5 pm infrared lasers are widely used in free-space optical communication, trace gas monitoring,

environmental pollution monitoring, and biomedicine. Infrared lasers can be obtained using quantum cascade, fiber, solid-state, and
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Raman lasers. Compared with these methods, an optical parametric oscillator (OPO) can be used to achieve an infrared laser with a
wider tuning range, higher power, and more stable operation. Based on the resonance of the pump, signal, and idler laser in the OPO
cavity, the OPO can be referred to as singly resonant OPO (SRO), doubly resonant OPO (DRO), or triply resonant OPO (TRO).
Compared with DRO and TRO, SRO requires only that the signal (or idler) light resonates in the cavity, has a relatively simple
design, and no external servo system locking is required to obtain a stable, high-power output. Therefore, the output characteristics of
a high-power SRO are investigated in this study.

Methods First, a theoretical analysis is conducted on the influence of the SRO cavity length and nonlinear crystal thermal lens
effect on the stability of the resonant cavity under standing-wave and ring-cavity structures. To ensure a stable operation of the SRO
within significant changes in the resonant cavity parameters, the cavity length corresponding to [(A+D)/2|=0 is selected when the
SRO is designed, that is, the standing wave cavity length is 54 mm, and the ring cavity length is 516 mm. According to the focusing
factor selected for the SRO cavity, the waist spot of the signal light at the center of the MgO : PPLN crystal is calculated to be
59.5 pm. Subsequently, based on the design of the SRO resonant cavity structure, the laser output characteristics of different SRO
cavity types are theoretically analyzed. The theoretical analysis reveals that the pump light in the standing-wave cavity SRO passes
through the nonlinear crystal twice; therefore the power gain of the signal light during forward and backward transmission must be
considered simultaneously, whereas the pump light in the ring-cavity SRO passes through the nonlinear crystal in a single pass, and
the parametric interaction during backward transmission is not considered. The threshold pump power and output power of the signal
and idler light from the standing-wave cavity and ring-cavity SROs are calculated. Finally, the two mirror standing-wave cavity SROs
and four mirror ring-cavity SROs based on the MgO : PPLN crystal pumped by a high-power continuous-wave single frequency
1.06 pm laser are constructed, and the relationship between the output power of the signal and idler light with the pump power, as
well as the power fluctuation and frequency drift of the signal and idler light are studied.

Results and Discussions By controlling the temperature of MgO: PPLN from 30 “C to 65 “C, the signal wavelength can be tuned
from 1550.03 nm to 1561.38 nm, and the corresponding idler wavelength can be tuned from 3394.7 nm to 3340.13 nm. When the
temperature of the MgO : PPLN crystal is controlled as 40 “C, the signal and idler wavelengths of the SRO are 1.553 pm and
3.378 pm, respectively. The threshold pump power of the standing-wave cavity SRO is 3.2 W, and at a pump power of 14.2 W, the
signal and idler powers are 5.2 W and 2.2 W, respectively. The threshold pump power of the ring-cavity SRO is 7.2 W, and at the
pump power of 25 W, the signal and idler powers are 8.1 W and 3.6 W, respectively. The measured value of the ring-cavity SRO
output power is in good agreement with the theoretical prediction result (Fig. 6). When the pump power is less than 15 W, the
measured standing-wave cavity SRO output power agrees well with the theoretical prediction result; however, when the pump power
is greater than 15 W, the measured standing-wave cavity SRO output power deviates significantly from the theoretical prediction
result ( Fig. 6). According to the theoretical analysis, when the pump power is 15 W, the resonant signal power in the standing-wave
cavity SRO 1s 260 W. The thermal lens focal length of the nonlinear crystal is 14 mm, and the corresponding stability parameter of the
standing-wave cavity SRO is 0.98. An increase in the pump power results in the stability parameter of the standing-wave cavity SRO
to be greater than 1; the SRO cannot operate stably, and the output power of the SRO decreases. To obtain a higher output power
from the signal and idler lasers, the ring-cavity SRO is a better choice. In addition, when the signal and idler output powers from the
standing-wave cavity and ring-cavity SROs are 5.0 W and 2.0 W, respectively, the power fluctuations in the signal and idler light by
the standing-wave cavity SRO within 2 h are better than +2.76% and +2.53%, and the power fluctuations in the signal and idler
light by the ring-cavity SRO within 2 h are better than +1.24% and +1.19%, respectively. The long term frequency drift of the
signal is better than =240 MHz and & 28 MHz, respectively.

Conclusions The influence of the SRO cavity type on the output characteristics at high pump power is investigated in this study.
First, a theoretical analysis is conducted on the influence of the SRO cavity length and nonlinear crystal thermal lens effect on the
stability of the resonant cavity under the standing-wave cavity and ring-cavity structures. Notably, the ring-cavity SRO can operate
stably within significant changes in the resonant cavity parameters. The output characteristics of the SRO are also theoretically
analyzed. Second, a two-mirror standing-wave cavity and a four-mirror ring-cavity SROs based on a MgO: PPLN crystal are
experimentally constructed. At a pump power of 14.2 W, the signal and idler output powers from the standing-wave cavity SRO are
5.2 W and 2.2 W, respectively. At a pump power of 25 W, the signal and idler output powers from the ring-cavity SRO are 8.1 W and
3.6 W, respectively. The measured value of the ring-cavity SRO output power agrees well with the theoretical prediction result. The
power fluctuations in the signal and idler light from the standing-wave cavity SRO within 2 h are better than =2.76% and +2.53%,
and the power fluctuations in the signal and idler by the ring-cavity SRO within 2 h are better than +1.24% and +1.19%,
respectively. The long term frequency drift of signal light from the standing-wave cavity and ring-cavity SROs are better than
440 MHz and =28 MHz, respectively. The research results indicate that to obtain a higher output power from the signal and idler
lasers, the ring-cavity SRO is a good choice.

Key words nonlinear optics; singly resonant optical parametric oscillator; continuous-wave single-frequency infrared laser; high

power; ring cavity
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