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Abstract: Mid-infrared laser sources with broad instantaneous-bandwidth are critical for many applications,
including infrared micro-spectroscopy, environmental monitoring, medical diagnosis, and ultra-short pulse
generation. In this article, the output spectrum bandwidth from synchronously pumped optical parametric
oscillator (SPOPO) was focused on and a scheme, chirped-pulse optical parametric oscillator (CPOPO) was
proposed to achieve broadband output beyond the limitation of pump pulse width. The CPOPO with self-phase
modulation (SPM) or chirped quasi-phase matching (CQPM) were studied and achieved through period-poled
lithium niobate (PPLN) based SPOPO. The outputs covered 2.9-3.9 um (~27 THz) with power up to 92 mW and
2.9-5.0 um (~44 THz) with 64 mw, respectively.

Key words: broadband mid-infrared laser; ~ synchronously pumped optical parametric oscillator;  self-phase

modulation;  chirped quasi-phase matching.

Wks B EB: 2020-10-03;  &1T HEB:2020-11-29
YEZ I X (1992-), 55, {Wi-LA, FENFCESRIRG 45 7 HPHT . Email: 1p19920915@163.com

R4 (1994-), B, {WHE, FENFOEESEIRG A7 H S . Email: d201880619@hust.edu.cn
BIREE:SKIEA (1976-), B, Bcf, LA S0, 4, FEMFPLIMNOGEE . SRS R 25 07 m AT

Email: zhangzhaowei@hust.edu.cn

20201051-1



ISk A2

% 124 www.irla.cn % 49 %
0 3 = B A K FE 2 SR TR W T BB

WOGHE T LK, WOCE AR — A58 7 2 4 5
HOR DR sef LUSOGR B E, IF B T — &5
ME R . AR, B AR LML R IR A, LK
B TOCAE BN BTIR B . & R LA K, OB T
VERRME T =5, i A T )z O
i 2 e U TS 2R AR R oK . ARz ok
1 TAE KAV Z WOt A e 2, RF
BRI L A 7 2 el T AS [R) 9 95O D B 7 A AR
ANFERON o Horpr, W er AR B T A B R 1
BT, TG E By 22 4. BT . Tl B DA R RS i )
FIEENMARZSEAE ) Z 0 AR Wi,
FEIR 2L AM I BeOG IR A A L, B ROE
BEARWF S HESE N, AT i ) B S 0 5 2K

2T A0 BRI 4 I LR 2~20 pml®!, X i
MOGT R AR UF 5 40 F DA TR IR 2 BRAE 0 B BT 7 1
RETEEE A, PRI 2D M B SRR 70 F DG 4
grIX o W ELAMEOG R S A E BR 2 A T IS
[ U s 5 e e € e AW W2 i DT
i, BT 8 E i o R R S RN SE Y, X — M T2
PAE 2 REAR A S-S i P O NN REAW S X<y oy - 3
JEE A A 2 A — TR, R R T T A e L
A5 W21 4M % 2 (FTIR) P & micro-FTIR, nano-FTIR
FE S B AR 22 0 U, BT R G TP 20 A0 G TR A D 1 e
JEE e T SR TAERCR 50 Y . P,
XiF B 1 T AT ANEOE O E IR A S A R 2 AR .

32 BR TAE GO 75 A TR R BRI, 4 Y
FE TG 2L AP U AR S A O I AN [ 2P AR
SPOCIX A T RS S A ROL TR —Fh 2
it FH A TR 2 SRR, JLZE 48 17 50, A RO e,
J& FTIR bR AEGIRN . (HRAE S FEAH T 6 IR, Hok
T BE ARG, W0 1 P T R AR A £ MR L AR, 7R
A L F 0 2 ) P P ) Rt A ARG o 1 [ 2P A
SEETE AT L= A A T R AF g R 2D A v R,
T 5 R 0 L SRR SR G v R B = AR
S —Fh R RE Y T8 1% TP 20 AME OB IRYY, (H R
FRAOCUR R R A . dE A A L kA S,
HREN T B E 5 o BRI, PR A D0 12 i 2 B
JTZ . R LA R o AR R, /AR

SR SRR 2 —, G TP L AN A L 22
WA ML A BT HRIUR R — RS
UL EFAW] 9oy e o

T B (08 8 5 3% vh T AN RO B & b, [R5 280
e S RIR Y 7% (SPOPO) HA IRAAS | Z5H 50 . &
i L B S — R, St e 258 T
FeOrHLEIER Y B ZBRT B S TAENLH], SPOPO
A4 DT i A T IR OB T BT SR T O R GE A AH
KrEfEFE bR, X FRE T SPOPO i Hi 68 i il ik —
B KRR,

SCHVER X SPOPO Y X — ) &, 2 11 I 18R T %
&5t SPOPO 4 3 Ay LA WRIBEK ik i 3328 2 %) WAl Wik Jik ofe
OPO(CPOPO) iy TAERIA . 7% BiUT, SPOPO Myl
HOETEAT T AE % 15 2 M R k3, X 2 TR A A
PEA A IR R M RRAR . i 8 5 S 0 0 IE, SC T 3
T CPOPO 1Y B3 Hh £LAMBOE ™ 4 o

1 SPOPO By T{E45M 5 BR#I #1138

SRR TR T BUR S RO AR, T 1R
A T AR, SPOPO f s (7] 4y H 45 1 B 44K
TR X TIRG &0, B {E A ) R0 o 2
ABITERT . 7E3E S5 R IR OPO H, B{E D
56 ] LA 7R

nynnigec’ L? ( 1- R)

- (M

1 =
threshold 0
2wwidzy

K n AITH R o HAME; Thsp, s, 1 50 5ICER
AT NS R NS IRIE A RO S . %t
F SPOPO e ifi., U AR 15 1 4R s 7E 412 37 15 5 D B 1Y
F U T, HARZR M Al AR 10 K B A X 4 e
(B Jik o 1) f) S B 5000 1T DA 2B AN ), BB Aix — 2T
2 OPO 1115 2] i 25 JL K [F A 3& T SPOPO
BB T . SN, 5 % S A AN [, X T
JEO Ik o, LR s 2T ) 4R B8 A I o T O B
N B A5 A0 Y pR S RIS AE BN ik 265 1A, A [ B[]
b BRI I T R 25 AR K . WAl 1 TR, SPOPO
(4R 3 BB AT AR B3R o — 4% St Jo G B 4k,
RPET (g2 . MR f57 PR 04 TS 41 G 25 mT LA I, S €852
AR 3R I S Ik i b RUA R TR R Y A 4 i
A RE A A O A 4 B4R 5 Dk v, DT SE AR 7 . X

202010512



s Gk A2

%124

www.irla.cn

% 49 A

— . BEJE SPOPO fE % 52 B J K vh ik v 1 1AL,
BRI I N AR 1 K o g BE S BR 22 BN
kw0

Pump pulse

Threshold = m mm e e o o e e e s o e
—
I I
Signal pulse width

Pl 1 SPOPO FRAZIIK M55 Dk 98 L B 52
Fig.1 Effect of pump signal on signal pulse width in SPOPO
MG 1 LR AR 57 s AR SR T, l PAAS 3] —>
] LA AR

Tsignal ¢ N X Ithreshold (2)

' T MG T WK N W ZEH G5 X I OPO
WH BHAN R N=1). A (2) £W, X T F e w
SPOPO i #i I 2 8k, T M) 3 0wy, 9= %% 15 5 Ik o
Vi K5 T 24 SPOPO T4 7 B (B i), JH: g g 512
IR f5 Jo B ] B 3 A Jk i o 1990 48, & IR 4w R
WK2#H E. C. Cheung %5 NGB BT B 45153 T
HiE PR SPOPO T VETE I3 {H 21 2 N A4 ¥ ok o 5 B K
24 Jg 24
Tignal = 0.4Tpump 3)
X — 25 E B, SPOPO iR 37 ik o 1) #4156 JE 5
T K b B B ELREAR DG o 1 X T 4 R TR A G W Wk
ik e, AT 1 5 Aot el ik e v A e BN — B
B, 30 S R X T T WA I AR 3 Bk e, e i 1 ok
G [FREAZ 20T ZE T Ik b e BE A BRI . A T 5 ELW
M JEE7R SPOPO 1G4y 3 R, AL 7RY (g 5 T J] 39
WAL R EL (PPLN) Sh{A R SPOPO M il, 2 % F 1 it
R V5T AEAS R 2200 ik o 58 B, % SPOPO 1.1k
T A B 1 % Ik b 5 R0 AN ) 252 3 150 A5 st 1)
JEHEH e . ANIEL 2 Fros Ch TR AT REIE/N A B0 Y
2, 75 PPLN (K BE{UN 0.5 mm). 7E & 2(a)
] DL B, Bl 2 ko 5 B2 1 34 i, SPOPO [ {EL
A 15 5 Tk e 3L A DRI 8 o, T GE 7 %) % S D e
g D) 52 B L S W9/ B B SPOPO ) i 1 15 5
T T 5 A Dk e vE EE SRR G o T AE S BR Y
SPOPO S50 v, o T 2 = D R R i 5 5 5 1

Bt DR S I R AL A 2o B R . e
Ik e 2 AN I, R HOE T Y 5 2 AN
/N, HNEE 2(b) Bk o S, A7 5 Ik vk B JBE A 1R R
ik o s BE AR I, PRI SPOPO (4 it Y6 135 4 58 0 15 52
T vh AR B SRt SEAR T

N
jan)
S8
8 | o
7L
% 6
2 g o
£, o
° (o]
L2 o
50 100 200 300 400 500 600
o
n Pump pulse width/fs
N
jan
B
@ 5.0
> 45 () , ,
™o o O Signal bandwidth
8 4.0 r = . Pump bandwidth
5 35t
§ 3.0 o
= 2.5 o o
8 20t On ODoan -
g 15 i e—— s 4
g 1.0 . . . . .
g 0 2 4 6 8 10 12
7]

Pump power/threshold/arb. unit
P2 (a) ZENK IR TEIE (TEBMEAER A5 1FT) Fl (b) ZEMTIEE Gk
SR 300 fs 1) % SPOPO 5 5 ks G145 e Ay R
Fig.2 Effect of (a) pump pulse width (when pumped at around
threshold) and (b) pump power (when the pump pulse width is

fixed at 300 fs) on signal spectrum bandwidth in SPOPOs

X FARZe MM R AR SR AR, FERT i G
i VR B4 A 57 DE BC AR M AR G o X5 T SPOPO, v iy
JE AT TE AN Z BIHE 07 DU P 7 5 BRI, ik — 25 32
2 [F) 25 2 0 TAEALH R &1 . X Far, Harc
25 A 24 22 A 7 SR RE A% S BAR 467 DT TR A BE Y
P Jre 5301, L 2 5 5k 7 B b 47 i A R A AR K
RERS ST 9K 3G 2575 960, B, 3l 2 SPOPO
B 7 RS R 7 D 5 1 B T Tk e, PR b Xt
SRR A IOk b U B B T R R, A T2
VB — A5 8L, SCh i3 T AN B PPLN & i i 4
P VCBE Ak M 2k 193 dB 5 58 LA K ik 1 7 I WA ik
ok BT T A B A SR Bk R SE R, A 3 BT .

4 PPLN AR A BE/NTF 1 mm B, HAH 437 DT i
eI EN T 10 THz LA b, X6 R BT 75 A9 5 3 bk o 5

20201051-3



ISk A2

www.irla.cn

% 49 A

% 124
N
2 60
% 600
e @. ™ 5
= E;
_'g 40 [Broadband = 1 400 E
e e 2
—% 30 L omain u i 300 %
g o €
S 20F g 1200 &
g o =
5 10} Q4 1100 #
= o (0]
5 o LBT . @ 0o 0
= 0 05 10 15 20 25 30 35
(=™

Length of PPLN/mm

[ 3 N[ BEE PPLN SRR A ARASE DE L 98 B i s 2= bk 98
Fig.3 Phase-matching bandwidth and the corresponding pump pulse
width of different PPLN lengths

JE/NT 100 fso 33X —Z5 050 T TR BRI 50 LAY
ok wh I AR GE R U, AT AR T B R X T
2 pm K VLB BEOEHK . e Ah, A B B T AR
AN T2 RE 12 1A ORI, T EE— 2 38 3 2
AR WA B (EDH 22 8 A 5 ok b 9 i — 20 R 9
T 85 2 5Re BT8P S Ik e (4541 35 155 Bk o 9 2
AT BLT ) P AR 2, X L2 3T R0 9
E T Ik PR G . NI, 258 SPOPO 11X Fliz Fe i
2O DA 35 A0 b R FH A P i R £ A 467 D P A 5
U Hrp ik s B AL 2E AT BEAY BIOE , 4 RE MR
LA SPOPO FY T i i A B, o L BT 4t il A2
RS K

2 WEWEK LS ERS R

PR WK Ik 2 i AN [ 40 40 70 £ P [ Al 159 2 A
ANIR], BTG53 BSCH: I AR A58 24 T 1] b A 2 P S A2 A Y
Jok B2, RS TR bk b, B R — R Y Y
RS, 2 UK i 5E B2 B e, R R RO AR
HA e AR R )R

{ELZXF T SPOPO, Wil Wk T 5 B i) ik o Ji 5 RE S A1
RO B MR TR R Dk e R I S B R s
Jok i i JBE %) i S BRBOE RS A SERY R . T
M BRI — 8 i, B BRIk s bk
i, HLEATERPEWRI C, AT 2,

_(1+i><C)t2}

A(f) = exp e
0

4)

A, st A5 S ko i 5 — e, 5k
U ot AR PR AR S DT E A S, S A A [ Wk

TRk P e . LA EESH 0.5 mm Y PPLN & Ky
foil, HAH A VG AL -3 dB 4 98 294 18 THz. U1 IEl 4(a)
FiR, 24455 Bk B W IRk C o 0 B, HE fik v i A 0
A 25 fs, X I T 5 1) 25 1l Ik v B R A d5 e T B
A7 5 ik o W WK %) A DRI 18 o, Gk o i R AN DR
IKF T 250 fs, R0 0k bk v B 6% 7 2 R % i i R BE
4 TRV, B2 A Ml [ TG SPOPO o 252 VR Jok i i B 1) 46 e
BER o [FIAEHL, WAL 4(b) P, 6 B E 0 Bk v SRR
TR Y IR K R % S 0 B B Y DG A . WA Kk b Y
X, I AR AT AT 240 g g SPOPO X
T3 ko e B AR . Rk, SZEE SPOPO b ) I
Wk bk ihiz3% (RP CPOPO), ik fE % S B 5 1 O G bk o

300

(2)

250 (@)
200 O

150 t (@)

100 (@)

50 | O
O

Pulse width/fs

O 1 1 1 1 1 1
0 2 4 6 8 10 12
Pulse chirp C/arb.unit
16
(b)
| O

)
u)
1 o

0

Spectrum bandwidth at =3 dB/THz
o]

I 0
0 2 4 6 8 10 12
Pulse chirp C/arb.unit

I 4 (a) MRS 92T AR C &5 07k v A4 bk v S8 2, (b) A 1]
kP TERE T A RIVEIE C @ik O EREHT T8 (Tkeh TR 300 fs)

Fig.4 (a) Pulse width of Gaussian pulse with the same spectrum but
different chirp C, (b) Spectrum bandwidth of Gaussian pulse with
the same pulse bandwidth but different chirp C (the pulse width is
300 fs)

202010514



s Gk A2

%124

www.irla.cn

23

% 49 A

2B b, WAk iR % (CPO) HME& 7 20 HH
20 90 AF R E 2 4R 1, I 32 B R TR KR 5 A
JEIIR 5 v B RE bk o AR R BB R ), PO
(18 25 S JEL R 2 o 39 R 4 M P v € (L, SR
B B AR K b 58 B, M AT DA AR A R (T RN AR 1Y
LT P — 248 5 bk b B 12, 13X 55 3% 4% A WA BEK bk o ke
K (CPA) HALT Wil —Hf, /R4& SPOPO 7EARZ Jr 1
GG Ik OGS A AR PE BT, (H A E 1 28
SRR B E o DRI, o CPO BAARE & )™ 1z 3]
SPOPO H1, S8 CPOPO (112 ¥, SLPr Ll 55 501
CPO 14 FH 8 ¥y Xl o
St I S SRR ST, 2 T AR A AT ok 5
LT W2 CPOPO (132 % 775X, 43 3l 3 T F AR AL 9 il
BUNE (SPM) W BEKHEAH 37 DE L (CQPM) HIL#IE7>,
2.1 EF SPM iy CPOPO
FEAL GE i) CPO H, 51 3L WA WK Jik o 4% 35 ok 2 384 i
Jik e WK ) 2 R AR 3 o s PN L.
% & 5] SPOPO Hb [ R[] 34 25 747 1145k, (0 0t vl 8
T UGS B R B 23R 1 A8 L SIS 2R i
()25, BRI R I AT e 2= Bl CPOPO HyHi i ik
Fio T SPM FH T RERS 7 AS I 5 Ik b ) 25 14 T S B ik
A B WA I G, R AR R, R
/& CPOPO = A= L 1 WA Bk ik i 75 2K
S TR AT BE Lk AR e A AR 04 AR A7 DT S AT BE R
PR 5 EhE S G v, X R RE LT
0.5 mm 1+ PPLN {14 iy SPOPO iy 4], 43 38 ik 4k
JEs AE S [ RE I 42E €2, 15 (GDD) LA & SPM A% B (4 4
o fe 5 Tk o 0 R B 5 016 1 S
i F SPOPO H1 114 ik b — i ¥ A [ 5 114 Jik b )%
AR, LS Jk o 128 W Wk G 12 >R 2 AL 8 9 ok o 4y W ok =
B CORIT B A R . R T AR IE R T 3k A ik e
FEAR, TN HER o DA ok o WA K, 3 B 2 S —A>
XTIk SEL C:
_ AT wrus (S puse)
" ATrus(Stw)
s ATy A3 T7 AR 08 5 5 Spuise A DK 1 B IR JBE
A2 5 Spp A2 Wik vt 7 1) 2 e A R Ik e 1) i B . 4%
Kl 5(a) s T AR N €0 80T 19 9 9 Bk o
Mo ATLAFE 3, B BT AS B N, bk oh 5 B i
WK S 0 — A s, (RS I K Y R

©)

TG TRIH . XU, £ SPOPO 1, (& O 5 ik
B ) 52 MR8 326 K Ik ofr 0 I Wk, LA 5t T R A A K
G TE A B B B0 A B e LSS AR
ik i 0 )25 TR ot X DA 3 A 1 25 S IR o BT LA,
nIE S(c) Bizm, BB ik it ot iy v 2 20 B 58 0
Rkt

500 5

(a) Nonlinear phase=0 E
o0
@ 400 | (_© o 4 =
E ° &
300 o] 13 5
2 o Q
£ 200 | E @, 2 &
o
o 0 O £
100 o s P 1

0 500 1000 1500 2000 2500 3000

GDD/fs?

500 5
(b) GDD=0 &
e 400 | 14 &
- (¢}
E o @) &
£ 300 | a 13 5

Q

z 200 > é@ 2 g
g o ©° o 2
100 Q 1

0 0.02 0.04 0.06 0.08 0.10 0.12
Nonlinear phase shift/rad

0 0.02 0.04 0.06 0.08 0.10 0.12
16 . . .
14 | ()
12k 0 Bandwidth with SPM
10 © Bandwidth with GDD

(=R S )
T T T
o

O 0o o0 0 o

Spectrum bandwidth at —3 dB/THz
oo

0 500 1000 1500 2000 2500 3000
GDD/fs?

Kl 5 B kb SERE 5 WRKEE (a) EP AR GDD A (b) P HER
FEL AR I AL, () i HHDL I B BE R A .7 GDD R N
BRI RS (1L G IR R 981 300 f5)

Fig.5 Simulated signal pulse width and chirp versus (a) intracavity

single GDD and (b) intracavity single nonlinear phase shift,
(c) output spectrum bandwidth versus intracavity single GDD and

nonlinear phase shift (while the pump pulse width was 300 fs)

X5 I ) SPM U, 1 L MG Lf AR i . &l 5(b)
JIE 7, ok o K Py 348 KRR 2ok T bk e BT R, DR i TR
20 GTE R RE RS FE FE I 10 T N BRAS I 25 . AT
FEE S(c) , koS sE 2 0 B i . B

20201051-5



ISk A2

% 12 47

www.irla.cn

% 49 A

EIFR 45 R S B A HE RO AT, 2923 w35 i Y
CPOPO, I 375 1) W Wk ik o it 2 TAELE T /NI BT &
AT 1h JH P gk %) ok Y = 2 2 SPM &30, B 3T SPM &%
N B CPOPO.,

BT UL B 5, B 00 S5 562 A Sy
K6 . TAERFZRFEET SPOPO MR X IR % 7%
SEH, A SR I YR T LA YAG AR R S8 19 A
J R A N I A, AL FE DO AN M R BT B ML M2,
M3 1 M4 (fh F2EAR 0 75 mm) LK — S i S bt
BT M5 Fil—A i A 8% OC, [ OC 4h, HAY B Fr
T ST R PRI U0 K 9 B A R 53 S R (T>90%),
TEAF 5 P A 10 161 00 2 40 8 7Y s 33 % (R>99.8%)
OC TEf5 F I B my i iR #R & L 29 R 0.5%. Ry TR 7]
RE A HUT K A 67 PR IG5, 2838 Rl REIE T 1 — 3k
JE{L A 0.5 mm A PPLN (&4, #2 4k &1k 29.98 um.,

Signal

1 058 nm
230 fs

HWP L1 MIPPLNM2 L2 Ge

€l 6 HTF SPM U Y CPOPO % H K]

Fig.6 Experiment configuration of CPOPO based on SPM effect

S2PrR L, SPOPO H 5&F SPM &% AT 5 2 Ay ik
58 B A i —Se R (H L SPM RN A 1R 2
VE R BRI , 5 E 2t 3 25 402 o W] — B - JR 4R
P b AT A 4, DAL Ok A S B P SPME (1 L g 9
o MAh, X F PPLN X2 g A, H ZFrdE 4tk R L
FEF A i, AR S AT S 3R AR X AT, M DA ST R
JELe ARSI, PR, S T SR R 5 1 9 Y SPM
RV LASE B CPOPO (112 % , 28 F AR 1B ik s i) — i
AT — S JEFE N 1 mm B £ 5 ZnSe (R 4 i) 1
Ao HARLR T 8K n,=3x107"" m¥WH, £}y PPLN
AR 10 £, AEASSLAL 2 A2 A9 SPM &% R A SEBG %
Ji& GE Rk PO o A, B AR R e T
WA IEE 11 R (Si0,), 18 i o 78 JHCJRE J32 AT LA S B
I PR 0 BB A AR

1556, 5 ZnSe AL EAE M3 Il M4 2 [] B 45
fLE, DR R IIR (Z90 3.3 W) iz %%, [ i i A
) € B S 40 (RV S 4 AN ] P BE /Y FS B 10 ) I A%

550605 . M FS % 1R RN 7 mm (M 5
B R 156 £52) B, 1% OPO % 5 5 61k ik
# KRG E, HAE-30 dB W97 %649 0 29 THz, B3 T
1 420~1 650 nm, W&l 7(a) FT7m . HXFR 95 A A
B s HE K b S FE R 115 fs, 29 01 6 X B G
MR Rk 50 5 1) 3.1 485 ¢

(2)

(b) GDD=156 fs?
M without SPM

=

5

2 GDD=156 fs*
= with SPM

E

&

Q

E

1400 1450 1500 1550 1600 1650 1700
Wavelength/nm

7 (a) 4 SPM RN (b) JC SPM AR ki 3 55 i
Fig.7 Output signal spectrum (a) with SPM and (b) without SPM

VE AR EE, 2845 ZnSe T F HCE 78 18 B £ 55 1)
{7, T ZnSe Wi B FOBEER ST KK, BLE OPO Hi
1) SPM AN T AT 13 2358 . 7E[FRE 156 £5° A Y
FEECN, AR R] T H b E SO anE 7(b) B
N U, Ho i AE S Bk of—20 dB 47 5E{XN 7.9 THz,
55 UR 6T SR H I (98 6.7 THz). i
A5 4 IOk b 555 85 kg 187 s, 240 Ky KT 7 I W WK ik o
FEM 1.3 A%, S SRS, 58S Ry BAS
RAEF WA . X —T IR g R — KR, 7E 155 OPO
5] AR 19 SPM AL /& S B CPOPO iz e 4 i 5
T IFR WK ik o 1) S R DR 2%

[l 8(a) S 45 TN [ B AT, % CPOPO
4B R A5 5 Ik b 15 D 1 S 06 0 A AR (G B
By DL R S BUE TR A R (R ), SR
FIHRIE 25 SR AR 52 B — B A, RIS /N I (8 (e
A BT MR (55 OGRS 8 B, X5 G i
S TP Ik v e A A AR AL G SR — 2B e
FE AT (/N T 156 57 1), 7E 3L 50 AT LAXER 51 B 2
6% 43 24, 3] 8 5 IR R i N R A v € 3 D)
iP

R T WG S D) R IR A5 5 (0 5 T, R N
T R S R B L, B 156 £97, PR — b kAR
B TIE, aE 8(b) Fizn, S A H 45 AR
F W] T R 0 A D) 200G B R T CPOPO i Ot %

20201051-6



s Gk A2

%1244 www.irla.cn % 49 %

g 280 (a) 10° 100

@M 260 O -
2 240 | ) Simulation = P ®9 o
S : = L g
LT S = | DO Experiment € 90 [ \ ] 0 £
200 | © £ Experiment i
£ o < — — Phase-matchin \ 2.
B 180 ¢ o 0 o B & g
E 160 | o ° o Z 10° \ {102 &
E M0} Bog = | £
= 120 O H =X
5 100 S 102 A I ' RPN

A 100 150 200 250 300 350 400 450 500 2 800 3 000 3200 3400 3 600 3 800 4 000 4200

GDD/fs?

=
s
= 250 Hb) (o]
S o o
200 | o D
=

150
g -]
-§ 100+ O { Simulation
£ 5| O O Experiment
=
=]
20
2

0.5 1.0 1.5 20 25 30 35
Pump power/W

8 ANl (a) EPN GDD #11 (b) ZER I GA T B91F 50 52
Fig.8 Signal light bandwidth v.s. (a) different intracavity GDD and

(b) different pump power

JE 58, X5 SPM A B M FRAI AT . BLAb, BEE A
DR W, 6T 5L B AS BT 08 1) R 4, 3k R ok
MR S ECR, CPOPO Y i G4 55 17 18
—E MR

Hk, £ F W E T % CPOPO % H Y 1N 41 %
o AEARMEII ARy, RN KA SO TR 2
PR — MG SO TR — AN IR T, R, B
JE1E AT LA IR A A 5 R R ARG 35 (4 3 AL, 24 1
5T B T K T AR, RSO R B S
SO RIS GE . IR 9 PR, FEH S SO
ML E R, AR 3] T 6% 58 & e 1Y IR ATDE,
H—30 dB #595 Fik 30 THz 245, F 25 7 29 2.9~4.1 ym
(W (5,5248), 5155620 29 THz 197 98 JE 4 #23, 3%
11 512 PPLN f 4% (4 H1 437 DT e A5 9 (41 € g £8) i
W45, X AIE T 3% CPOPO fE % 52 3 % 3E 46 1 i 1A
3 25 SR BRI

% CPOPO i i1 T % 5 L D1 % 1) ¢ R W&l 10
Fiis o #E OC MY th A A L o 0.5% M4 1 F, %
CPOPO () TAE H{E 2} 700 mW, OC Ji5 il £5: i) e K
S T2 N 25 mW, Ge %5 TN A5 59 45 IR AR
i TR 20 92 mW. i SEFR L, AR 4l Manly-Rowe
KR, AR Wit AR v AR 15 5 D RN i 4T PR AR

Wavelength/nm

P9 i A PRAFOL 1 S AR A PR TR HH 26 [

Fig.9 Output idler spectrum and phase-matching curves

100
80
60
40
20

¢ Signal power
O ldler power 0000000

Measured output power/mW

0.5 1.0 1.5 20 25 30 35
Pump Power/W

&l 10 CPOPO ¥y i DI S A TR M K R
Fig.10 Output power of CPOPO v.s. pump power

G 2 4%, BOZIE T OC ZJ Y S PRl (i . 785K
Ve, BT ZnSe B FS % 10 Fy 2610 5 5 O AETE,
ST —EE SR, X TGRS TR
AT RADET R B, AN, 2850
A5 B 1 i HE AR 5 R0 PRUATTOL D) 23 5 20 D) A 0K 2 R
W B E LR AN, HEEENE, Y5
TR 2 25 R 365 o 80 2 30 B 2R T 2R 5 A I, 4k
R B BRI, BV B S 0% I 1)
e, X AL BT % CPOPO Y4 i M) a4 BA i — 02
FHOW T
2.2 EF CQPM #j CPOPO

HA L T A% G 9 BOG AR % 4% . SPOPO 713 45 75 I
(RS (S SPM I Ik v R Wk ™ £ g i — A
o W TRA CQPM iR I AR MR AR (b i 72, #h
F CQPM Fh A7 B AH A VT L I K 5 b A 7 8 AH G 1Y
FEPE L BT 5 ik o 55 203 Ik b 22 1] A9 28 B R00N; , i Ae
CQPM A B (1) W WK RE MR RE S — B LS &
F T BRI Ak o

XA TE 1997 4E B M. A. Arbore %5 A\ 3 4%
L I 7E Bl S A5 S 56 v 3E 2 FIKTE CQPM i 1A
F14) 7R WK 5 252 3 ik v WAL WK S B0 T A Ok e ) B

20201051-7



ISk A2

% 12 47

www.irla.cn

% 49 A

HES 2000 4F, T. Beddard 25 A ik — 0K % 4 3
J&& #| SPOPO H, il 1 45 HH 22 3l bk b %) WA Wk LA DT fig
CQPM i 1A (R WK, F5e S B T K ik b 2 3 4
Jik s T i B R B A SPOPO 1 i Hh RN
- B0 R 23T ik e 9 B R LR S Bk i)
S B BE LA S WA R A 4 1R T AR R 1Y 23K, SPOPO
i Hh BT TE S BRATI AR 55 A K e R A v — 2L
DK IR ATS SR XE LA 2 SPOPO B 422 Y S i 11 B2k
SR, BESR CQPM i 4 fry W] WEk 15 % 3 3ok 2% Vi
ik ety e 2 LA ok i, TS 4 4 2R ik v AN L W K
VAN /NG, S RE @ 1T CQPM b % f WA WK I 2% 3t
7 A R R bk vk, DT 3 2o 5 B L, A T R S B
WH WKk b R R 377 , 4K T S8 CPOPO 13z 4% o LA ik
PPLN(CPPLN) #f {4 Sy ], B 15 2% i 1 (1) S e Jo) ) 22
2R 1k 3 0, BIVAF 5 O B AR A7 DG T Ik K SR R a0
Pl 11(a) T (b) 43 A 1 I v W B4 5 ik e 4D 1
R GSEAR o AnE 11(a) B, 5230 ik ol i A b 4
B, A SR A A5 5 2 S 7 i 1A 109 S5 Ty o <52 B AL 37
DT FC, 17 At I 4 A 0 {5 i DO 2 i o 8 T Tk
g ok AR TR A7 B e R B AR A . A,
1 7€ CPPLN fb kv, {55 5 52 T 6 0 Bl A7 7
225, B RS o il S A SRR I B Y
ST W7 b 8 W Bk o, I AR S o T AR
V7B A S J, A T T FE R Tk e 4 S B RN
55, PR T VK 285 CPPLN S A BT IE 1 4 45 5 ik
I, AR Y ot A D o 2 v B AR A £
55 (S A DG 18 R A I ) 43 5, T i S %) R W
i, G 1) FER o T 4R 1 19 S 8RB 5 G Al
YR T WK B b i PR35, B R A R, GnEl 11(b) e
R, A2k fE 3L T CPPLN fh A S CPOPO 1)1z #%,

(a) Signal generation

."{/ \\\
= ﬂ A

Iy
(b) Signal amplification

N / \
,AWN\ = /ﬂ A\

[l 11 CPPLN Hh gk kv (T8 R A S AR
Fig.11 Generation and amplification of chirped pulses in CPPLN")

>

ARAT AT 5 At AR L DT FCHT T 09 T 335 A BRIk ofo i o1
I 5 B T E AR AT DL M 5 A 5 DL L
B IS . R T PR BRI 08 34 25 AN 5, 1 B P
CPPLN (K FEEE N 2 mm, 7RI, EH K, i
o 45 /0N FE N £ B 65 A 0 S 3k T CPPLN
K1) CPOPO 32 % o 4 i 1A% 14 4% Ak J8] 391 A8 £k At 3R oy
2x107 m ™ B, A2 i 115 - Tk o Ay s A 1] 4n 1] 12 B
TR o I Ik i S B Ry 344 fs, 24 Sy G I B 45 g PR ik
RS Y 13 4%, DRI Pk v S A T S ) R Rk e«
A% s (VAR N | QUL IR TR % X VAR B | QUU R A I B
H AR LA B 434, 3X 5 CPPLN i 14 1) W Bk Ay
PEMAF . X — 4¢P R B, B A CPPLN At 14 58 % 78
SPOPO HJE i Wi Wk ik i, 5 B CPOPO 1Y iz 5% .
A, 55 bk ol B G IE Ju & 55 T 1.35~1.60 pm, 5
CPPLN 4 J& 1175 Bl 25.8~30.9 wm FT X v 4 4 457 D fic
WKW &, XA TR U] T i RR % A Rk 5
BRAR LM AR A ARV VT BCHT T8 PN 9 T 3 ok ooy o o

800
600
400
200
0
—200
—400
—600

—800
1350 1450 1550 1650

Wavelength/nm

Sj/ouiLL

12 2 CPPLN [ CPOPO {i ELATFAH I {5 5t A
Fig.12 Simulated time-wavelength representation of the generated

signal wave in CPOPO with CPPLN

AN, T8 # CPPLN & 1A 1) W Wk B % 1 32
VARG 55 Bk d gk, Wil 13 BoR, 745
S EAZEYEOT, BE AR R T AR WAk ARR
CPPLN X 7 [ 45 5 ok 1 f) L X IR Wk Cr DY 35 9
Al LUE B, i A5 5 ik % AR T R R RN Y 1 A 5E S
CPPLN i 1< f Wi Wk A 248 522 TE AH DG, BP CPPLN AR 1Y
WA WK Ak B A, 15 ok w1 WA R K, %k 7 1) ol i
RS . X REREIR ML T —Fh OPO i 61l v
PET I AT A5 1, Wt — B4R T CQPM. {7k g WA ik
X A1 5k e R WK 11 B )

20201051-8



s Gk A2

% 12 www.irla.cn % 49 %
12
oC
_ (@ O Ms
§ 10 b Signal M3 ﬂ DM4
& O
g 8t D D Isolator 1dl
£ Pump er
£, ul= = e —>>
_g D D HWP L1 M1PPLN M2 L2 Ge
E 4
3 gO O [l 14 4£T CPPLN fy CPOPO % &l
2 * Fig.14 Experiment configuration of CPOPO based on CPPLN
9 7 7 7 7 7 2
R N -t , \ e
o o o o o o o TESER R W) AR B B, &8 IR IR O R 4t
Chi /m 2 - NTa v =T S
P e MO BRI (2 3.0 W) BEATIE R, I P45 1
z [ il . AL E OPO 1 T R A R B
gl OO FBCRE, I P AT T DR AL, D6 T R 9%
260 o NI Vi .
22 e AL O 135 B, LB P — B @ BT R K
E 5(2)8 OO TE . E 15(a) TRYEE AL RN TR E T &1
2 180 OO FIEE SO0, BT 1293~1734 nm (GG, H
=) - NN
o o O =30 dB i SENJE 5 15 69.0 THz.
& 90 1
9 7 < 4 4 4 <
0+/06 /+’0) J+/0) d:r/o) )Jr/o) 9+/0) /+/0) g o1 -(a)
Chirp rate/m —g .
P 13 Ml 05 20 TR IFIVECR AL HEIR PPLN {41 CPOPO g 00y
PRI 5600 (2) VAN (b) it 52 g 0.001 : s s i
1200 1300 1400 1500 1600 1700 1800

Fig.13 Number simulation: (a) Chirp and (b) spectral bandwidth of the
signal waves generated from the CPOPO based on linearly-

chirped PPLN crystals with different chirp rates

AR DL b S B 25 3, T DL L R A5 ) b b
H T CPPLN f 1K i) CPOPO 1 52 36 i B, H A%
WA 14 i o % OPO 1Y 8 3 B [ FE R T8 WL
(X T g4, Horp M A M2 S 1T BE (R AR R
75 mm), M3, M4 L K M5 R -1 J 51 B2, o8 L
YAG 3 35 Jy B b 19 A i 85, HAE 1030~1060 nm Al
3.0~5.0 pm B 1Y 3% i % KT 90%, £E 1.35~~1.6 um
W BE BT R KT 99.8%. Hith A8 M AR A
P40 1.5% B T8k R R SR, DL X sy
RIS TGk B (1.35~1.6 pm) A4 (3 Bt 2R #1817
ST REHBALAL, H GDD Y48 X5 (AT /N T 80 fs°, AL
VR B Bk i 5 B 249 230 fs, TEE IR L) 90 MHz.

CPPLN {9 B BE 8 2 mm, JEAR 05 B S 4L
B AT BT 0 28 P U B CQPM & 1A, H: b Ak R 301 A
30.856 pum £k P s /N ] 25.805 pm, X R E W IRk AR R
g 2x107m2,

Wavelength/nm

Intensity/arb.unit
o N B o ®

-1 000 -500 0 500 1000
Time/fs

15 AR S S (2) LIRS (b) T ARECA
Fig.15 Schematic of measured output signal (a) spectrum and (b) inter-

ferometric autocorrelation

HE—25 M B0 H bk vp AR, 2 kb BT A
HISEHIZE, W& 15(b) frm . L5 T BoR, Zhkb (5
S R A B 2 290 fs (R BE I Ik b ok v 3 ko)
T 2R3 O AR (B0E K 1058 nm) 515 5 Hl
R (BE PR 1500 nm) 78 2 mm K #49 CPPLN f
A T 8 R B I ] 249 S 200 fs, 3% 5 00 B 15 B 915 5k
hSERE oy, N 5 — 5 A IE T ik CPPLN
s A P IR WK i i BT o BRI Z AR, T A A G
P o SR 1y 9 3 A, 106 B i o 1 5 ok e LA B S 7 O

20201051-9



ISk A2

% 12 47

www.irla.cn

% 49 A

Wk TR RTAR, K AR X S8 C, 297 13.8,
T A A L B [ ety 5 AR 24 Sy L 5 XoF 1z I W K ik
MY 13.8 £, 33X — B s R W1 A FHIZAIL I i % 55 BL 0
WK Wk o 4R 9, 0T HL RS S LG s 1 WA KK

16 JEIR T 2R FH G 2O 3 A 45 21 Y P A
ek (SR, v LU, BL g PR AT Y B
I OGHE 3% T 2890~5025 nm, H—30 dB 4 5% /& ik
44.1 THz,

10° 10°
) E
€ 10" 107 2
5 <
E E
= 10° 102§
7] o
f) - Experiment B ;
= 10 — — Phase-matching 107 =
&~

10 10

2500 3000 3500 4000 4500 5000 53500
Wavelength/nm

16 M4 PRATOERE (SE4R) STTRMARAIIE RIS (L)
Fig.16 Measured output idler spectrum (solid line) and computed phase-

matching curves (dash line)

% 5 6T 5 9% CPPLN i 1A Y #H 437 DT IE il 2%
(LT ER) SEARY) G, 33X U BH T 32 WA Rk ik i (4 B
BLEIRE % 7 5 AL 52 CQPM iy 1A 45 7 9 R 1 119 5 7
WA Wk ik b o 0 A B 1) O i il 28 7E 4200 nm 3T
KB A B d B R IR T AL g = S A CO, 4
TR, 7RI N 1058 nm HLAE 5% 3 35
1293~1734 nm MY IE BT, i BRI A8 55 0 1) — — XF i
KFR, WIS BIE b N % 55 2714~5821 nm, ## i
— AR o BT T AR R D B S PR T R R S
Jik b AT SR BAT — 7 Y 1% TE B (29 7 THz) LA KA T
Boxt 5 um DAL K T BEAFTE 1 IR

3 4 &

SCHPR RIS T SPOPO Hh Ay H 1% T 1) PR
B, T RO L RE NS S TE I bk vhd Y2
B, B CPOPO, DL B 3L F R R P AL i) CPOPO
TAEI % 7EHT SPM Y CPOPO J5 %, il i AU {E
T RS IF Y8 T (8O SPM A8 % T Jik v 8 ek '
T T ) S MR, IR o SRR T T I . ZEAH R
P05 BAR S T, AR AH S8, 3R T i 58

2 30 THz, 7 35 2.9~4.1 um, TI&E A 92 mW Ay 4T
Ah LTS Bk vh o 7EFE T CQPM i iK% CPOPO J7
2, DL CPPLN @A Ry {51, BRI b 43 1 i ofk
ik I BRI R 3 LR, I o B BT TR
TIE, 75217 ok w0 B RN 35 4 98 5 CPPLN i 1< WA Wk
Z I AR AR o AE BRI S v 38 A 6 S
BT OB IEAT G5 2 44 THz, 55 2.9~5.0 um, M) R &k
64 mW [ TP ZLAM SRS HOGE 1 . L BN Rk
OGS A T AT 8 7 R A T S I Ik b i B TG
T T8, TR ST O AR AR AR L DT A B A
A . HT UL, SE8 17 5T SRO i i 1y 5
T R TN, B R T 3~5 pm B R AL
AN T,

S 3k

[1] Waynant R W, Ilev I K, Gannot I. Mid-infrared laser
applications in medicine and biology [J]. Phil Trans R Soc Lond
A, 2001, 359: 635-644.

[2]  Griffith D W T, Pohler D, Schmitt D, et al. Long open-path
measurements of greenhouse gases in air using near-infrared
Fourier transform spectroscopy [J]. Atmospheric Measurement
Techniques, 2018, 11: 1549-1563.

[3] Downey G. Food and food ingredient authentication by mid-
infrared spectroscopy and chemometrics [J]. TrAC Trends in
Analytical Chemistry, 1998, 17(7): 418-424.

[4] Seddon A B. Mid-infrared photonics for early cancer
diagnosis[C]//16th International Conference on Transparent
Optical Networks (ICTON), Graz, 2014: 1-4

[5] Zhong Ming, Ren Gang. 3~5 pum mid-infrared laser coun-
termeasure weapon system [J]. Sichuan Ordnance Journal,
2007, 28(1): 3-6. (in Chinese)

B0t AEN. 3~5 pm PP ZLAMEOL X HURAS RG], DU S T
1K, 2007, 28(1): 3-6.

[6] Schliesser A, Picqué N, Hiansch T W. Mid-infrared frequency
combs [J]. Nature Photonics, 2012, 6: 440-449.

[77 Carr G L. Resolution limits for infrared microspectroscopy
explored with synchrotron radiation [J]. Rev Sci Instrum, 2001,
72:1613.

[8] Brehm M, Schliesser A, Keilmann F. Spectroscopic near-field
microscopy using frequency combs in the mid-infrared [J]. Opt
Express, 20006, 14: 11222-11233.

[91 Huth F, Govyadinov A, Amarie S, et al. Nano-FTIR absorption

spectroscopy of molecular fingerprints at 20 nm spatial

20201051-10


https://doi.org/10.1098/rsta.2000.0747
https://doi.org/10.1098/rsta.2000.0747
https://doi.org/10.5194/amt-11-1549-2018
https://doi.org/10.5194/amt-11-1549-2018
https://doi.org/10.1038/nphoton.2012.142
https://doi.org/10.1063/1.1347965
https://doi.org/10.1364/OE.14.011222
https://doi.org/10.1364/OE.14.011222
https://doi.org/10.1098/rsta.2000.0747
https://doi.org/10.1098/rsta.2000.0747
https://doi.org/10.5194/amt-11-1549-2018
https://doi.org/10.5194/amt-11-1549-2018
https://doi.org/10.1038/nphoton.2012.142
https://doi.org/10.1063/1.1347965
https://doi.org/10.1364/OE.14.011222
https://doi.org/10.1364/OE.14.011222

% 12 47

s Gk A2

www.irla.cn

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

resolution [J]. Nano Lett, 2012, 12: 3973-3978.

Lu F, Jin M, BelkinM A. Tip-enhanced infrared
nanospectroscopy via molecular expansion force detection [J].
Nature Photon, 2014, 8: 307-312.

Griffiths P R, de Haseth J A. Fourier tranform infrared
spectrometry[M]. New York: John Wiley & Sons Inc, 2007.
Petibois C, Deleris G, Piccinini M, et al. A bright future for
synchrotron imaging [J]. Nat Photonics, 2009, 3: 179.

Ma J, Qin Z, Xie G, et al. Review of mid-infrared mode-locked
laser sources in the 2.0 um-3.5 pum spectral region [J]. Applied
Physics Reviews, 2019, 6(2): 021317.

Luke K, Okawachi Y, Lamont M R E, et al. Broadband mid-
infrared frequency comb generation in a Si3N4 microreson-
ator [J]. Opt Lett, 2015, 40: 4823-4826.

Savchenkov A A, Ilchenko V S, Teodoro F D, et al. Generation
of Kerr combs centered at 4.5 um in crystalline microresonators
pumped with quantum-cascade lasers [J]. Opt Lett, 2015, 40:
3468-3471.

Petersen C R, Mgller U, Kubat I, et al. Mid-IR supercon-
tinuum covering the molecular fingerprint region from 2 pum to
13 um using ultra-high NA chalcogenide step-index fibre [J].
Nat Photonics, 2014, 8: 830.

Pupeza 1, Sanchez D, Zhang J, et al. High-power sub-two-cycle
mid-infrared pulses at 100 MHz repetition rate [J]. Nature
Photon, 2015, 9: 721-724.

J. Zhang, K. Fritsch, Q. Wang, et al. Intra-pulse difference-
frequency generation of mid-infrared (2.7-20 pm) by random
quasi-phase-matching [J]. Optics Letters, 2019, 44: 2986.

Chen B, Wittmann E, Morimoto Y, et al. Octave-spanning
single-cycle middle-infrared generation through optical param-
etric amplification in LiGaS2 [J]. Opt Express, 2019, 27: 21306-
21318.

Zhang Z, Gardiner T, Reid D T. Mid-infrared dual-comb
spectroscopy with an optical parametric oscillator [J]. Opt Lett,
2013, 38: 3148-3150.

Maidment L, Zhang Z, Howle C R, et al. Stand-off identification
of aerosols using mid-infrared backscattering Fourier-transform
spectroscopy [J]. Opt Lett, 2016, 41: 2266-2269.

Maidment L, Schunemann P G, Reid D T. White powder
identification using broadband coherent light in the molecular
fingerprint region [J]. Opt Express, 2018, 26: 25364-25369.
Ebrahim-Zadeh M, Dunn M H. Optical Parametric Oscillators,
Handbook of Optics[M]. New York, USA: McGraw-Hill, 2000.
Cheung E C, LiuJ M. Theory of a synchronously pumped

optical parametric oscillator in steady-state operation [J]. J Opt

[25]

[26]

[27]

(28]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[39]

20201051-11

Soc Am B, 1990, 7: 1385-1401.

Kumar S C, Esteban-Martin A, Ideguchi T, et al. Few-cycle,
broadband, mid-infrared optical parametric oscillator pumped by
a 20 fs Ti:sapphire laser [J]. Laser & Photonics Reviews, 2014,
8: L86-LI1.

Balskus K, Zhang Z, McCracken R A, et al. Mid-infrared
333 MHz frequency comb continuously tunable from 1.95 to
4.0 um [J]. Opt Lett, 2015, 40: 4178-4181.

Maidment L, Schunemann P G, Reid D T. Molecular fingerprint-
region spectroscopy from 5 to 12 pum using an orientation-
patterned gallium phosphide optical parametric oscillator [J].
Opt Lett, 2016, 41: 4261-4264.

Shirakawa A, Kobayashi T. Noncollinearly phase-matched
femtosecond optical parametric amplification with a 2 000 cm-
1 bandwidth [J]. Appl Phys Lett, 1998, 72: 147.

Cerullo G, Silvestri S D. Ultrafast optical parametric ampli-
fiers [J]. Review of Scientific Instruments, 2003, 74: 1.
Charbonneau-Lefort M, Afeyan B, Fejer M M. Optical
parametric amplifiers using chirped quasi-phase-matching
gratings I: practical design formulas [J]. J Opt Soc Am B, 2008,
25: 463-480.

Robert W Boyd. Nonlinear Optics[M]. 2nd ed. Rochester, New
York: Elsevier, 2008.

Govind P Agrawal, Nonlinear Fiber Optics[M]. fifth ed.
Rochester, New York: Elsevier, 2012.

Ilday F O, Buckley J R, Clark W G, et al. Self-similar evolution
of parabolic pulses in a laser [J]. Phys Rev Lett, 2004, 92:
213902.

Proctor B, Westwig E, Wise F. Characterization of a Kerr-lens
mode-locked Ti: sapphire laser with positive group-velocity
dispersion [J]. Opt Lett, 1993, 18: 1654-1656.

Fernandez A, Fuji T, Poppe A, et al. Chirped-pulse oscillators: a
route to high-power femtosecond pulses without external
amplification [J]. Opt Lett, 2004, 29: 1366-1368.

Strickland D, Mourou G. Compression of amplified chirped
optical pulses [J]. Opt Commun, 1985, 56: 219-221.

Liu P, Zhang Z. Chirped-pulse optical parametric oscillators [J].
Optics Letters, 2018, 43(19): 4735-4738.

Liu P, Zhang Z. Generation of mid-infrared emission with a 3.1-
4.5 pm instantaneous bandwidth from a chirped-pulse optical
parametric oscillator [J]. Optics Letters, 2019, 44(16): 3988-
3991.

Liu P, Heng J, Zhang Z. Chirped-pulse generation from optical
parametric oscillators with an aperiodic quasi-phase-matching

crystal [J]. Optics Letters, 2020, 45(9): 2568-2571.


https://doi.org/10.1021/nl301159v
https://doi.org/10.1038/nphoton.2013.373
https://doi.org/10.1038/nphoton.2009.31
https://doi.org/10.1063/1.5037274
https://doi.org/10.1063/1.5037274
https://doi.org/10.1364/OL.40.004823
https://doi.org/10.1364/OL.40.003468
https://doi.org/10.1038/nphoton.2014.213
https://doi.org/10.1038/nphoton.2015.179
https://doi.org/10.1038/nphoton.2015.179
https://doi.org/10.1364/OL.44.002986
https://doi.org/10.1364/OE.27.021306
https://doi.org/10.1364/OL.38.003148
https://doi.org/10.1364/OL.41.002266
https://doi.org/10.1364/OE.26.025364
https://doi.org/10.1364/JOSAB.7.001385
https://doi.org/10.1364/JOSAB.7.001385
https://doi.org/10.1364/OL.40.004178
https://doi.org/10.1364/OL.41.004261
https://doi.org/10.1063/1.120670
https://doi.org/10.1063/1.1523642
https://doi.org/10.1103/PhysRevLett.92.213902
https://doi.org/10.1364/OL.18.001654
https://doi.org/10.1364/OL.29.001366
https://doi.org/10.1016/0030-4018(85)90120-8
https://doi.org/10.1364/OL.43.004735
https://doi.org/10.1364/OL.44.003988
https://doi.org/10.1364/OL.391175
https://doi.org/10.1021/nl301159v
https://doi.org/10.1038/nphoton.2013.373
https://doi.org/10.1038/nphoton.2009.31
https://doi.org/10.1063/1.5037274
https://doi.org/10.1063/1.5037274
https://doi.org/10.1364/OL.40.004823
https://doi.org/10.1364/OL.40.003468
https://doi.org/10.1038/nphoton.2014.213
https://doi.org/10.1038/nphoton.2015.179
https://doi.org/10.1038/nphoton.2015.179
https://doi.org/10.1364/OL.44.002986
https://doi.org/10.1364/OE.27.021306
https://doi.org/10.1364/OL.38.003148
https://doi.org/10.1364/OL.41.002266
https://doi.org/10.1364/OE.26.025364
https://doi.org/10.1364/JOSAB.7.001385
https://doi.org/10.1364/JOSAB.7.001385
https://doi.org/10.1364/OL.40.004178
https://doi.org/10.1364/OL.41.004261
https://doi.org/10.1063/1.120670
https://doi.org/10.1063/1.1523642
https://doi.org/10.1103/PhysRevLett.92.213902
https://doi.org/10.1364/OL.18.001654
https://doi.org/10.1364/OL.29.001366
https://doi.org/10.1016/0030-4018(85)90120-8
https://doi.org/10.1364/OL.43.004735
https://doi.org/10.1364/OL.44.003988
https://doi.org/10.1364/OL.391175

ISk A2

#1248 www.irla.cn % 49 A
[40] Pelouch W S, Powers P E, Tang C L. Ti:sapphire-pumped, high- J Opt Soc Am B, 2007, 24: 895-905.

[41]

[42]

[43]

[44]

repetition-rate femtosecond optical parametric oscillator [J]. Opt
Lett, 1992, 17: 1070-1072.

Fu Q, Mak G, van Driel H M. High-power, 62-fs infrared optical
parametric oscillator synchronously pumped by a 76-MHz
Ti:sapphire laser [J]. Opt Lett, 1992, 17: 1006-1008.

P. Jian, W. E. Torruellas, M. Haelterman, et al. Solitons of
singly resonant optical parametric oscillators [J]. Opt. Lett.,
1999, 24: 400-402.

Caumes J P, Videau L, Rouyer C, et al. Kerr-like nonlinearity
induced via terahertz generation and the electro-optical effect in
zinc crystals [J]. Phys Rev Lett, 2002, 89: 047401.

Prawiharjo J, Hung H S S, Hanna D C, et al. Theoretical and
numerical investigations of parametric transfer via difference-

frequency generation for indirect mid-infrared pulse shaping [J].

20201051-12

[45]

[46]

[47]

(48]

Arbore M A, Marco O, Fejer M M. Pulse compression during
second-harmonic generation in aperiodic quasi-phase-matching
gratings [J]. Opt Lett, 1997, 22: 865-867.

Arbore M A, Galvanauskas A, Harter D, et al. Engineerable
compression of ultrashort pulses by use of second-harmonic
generation in chirped-period-poled lithium niobate [J]. Opt Lett,
1997, 22: 1341-1343.

Beddard T, Ebrahimzadeh M, Reid T D, et al. Five-optical-cycle
pulse generation in the mid infrared from an optical parametric
oscillator based on aperiodically poled lithium niobate [J]. Opt
Lett, 2000, 25: 1052-1054.

The HITRAN Database. Update to the line-mixing package for
CO, [2020-06-30].https://hitran.org/.


https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001006
https://doi.org/10.1364/OL.24.000400
https://doi.org/10.1103/PhysRevLett.89.047401
https://doi.org/10.1364/JOSAB.24.000895
https://doi.org/10.1364/OL.22.000865
https://doi.org/10.1364/OL.22.001341
https://doi.org/10.1364/OL.25.001052
https://doi.org/10.1364/OL.25.001052
https://hitran.org/
https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001006
https://doi.org/10.1364/OL.24.000400
https://doi.org/10.1103/PhysRevLett.89.047401
https://doi.org/10.1364/JOSAB.24.000895
https://doi.org/10.1364/OL.22.000865
https://doi.org/10.1364/OL.22.001341
https://doi.org/10.1364/OL.25.001052
https://doi.org/10.1364/OL.25.001052
https://hitran.org/
https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001006
https://doi.org/10.1364/OL.24.000400
https://doi.org/10.1103/PhysRevLett.89.047401
https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001070
https://doi.org/10.1364/OL.17.001006
https://doi.org/10.1364/OL.24.000400
https://doi.org/10.1103/PhysRevLett.89.047401
https://doi.org/10.1364/JOSAB.24.000895
https://doi.org/10.1364/OL.22.000865
https://doi.org/10.1364/OL.22.001341
https://doi.org/10.1364/OL.25.001052
https://doi.org/10.1364/OL.25.001052
https://hitran.org/
https://doi.org/10.1364/JOSAB.24.000895
https://doi.org/10.1364/OL.22.000865
https://doi.org/10.1364/OL.22.001341
https://doi.org/10.1364/OL.25.001052
https://doi.org/10.1364/OL.25.001052
https://hitran.org/

