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Abstract: Since the first use of Kerr lens mode-locked Ti: sapphire laser pumped RTA optical parametric
oscillator to achieve mid-infrared femtosecond laser in 1994, with the continuous emergence of high-power near-
infrared pump sources and various high-quality nonlinear crystals, the mid-infrared femtosecond optical
parametric oscillator had made considerable progress in terms of average power, pulse width, and tuning range in
the past two decades, providing diverse application tools for basic scientific research, biomedicine, and national
defense security. Mid-infrared femtosecond optical parametric oscillators were divided into two types in this
paper: wavelength tunable output type and broadband-spectrum output type. The research progress of these two
types of 2-5 pm mid-infrared femtosecond optical parametric oscillators at home and abroad were reviewed
respectively. Finally, the further development trend was discussed. In view of the outlook, high-power, high-beam
quality mid-infrared femtosecond optical parametric oscillators and high-energy mid-infrared femtosecond optical
parametric oscillators are two important development directions.
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Fig.1 Schematic diagram of optical parameter down conversion:
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Tab. 1 Summary of the optical properties of widely used mid-infrared nonlinear crystals

Nonlinear crystal Transmittance range/pm FOM"/pm?- V> LIDT”/GW-cm™ Ref.
PPLN 0.32-5 52.4 0.039 (20 ns@1.56 um) [17]
PPLT 0.28-5.5 21 0.14 (30 ns@1.06 um) [17]
KTA 0.35-5.3 49.1 1.2 (8 ns@1.064 um) [17]

OP-GaAs 0.9-18 246.5 5J/cm? (5 ns, 1.064 pm) [18]
OP-GaP 0.4-13 158.6 - [18]
ZGP 0.74-12 196 0.03 (30 ns@1.064 pm) [17]
GaSe 0.62-20 106.8 0.03 (10 ns@1.064 pm) [17]
AgGaSe, 0.76-18 82.3 0.013 (30 ns@1.064 pm) [17]
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Fig.2 Experimental setup of typical mid-infrared femtosecond OPO
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BREHRAL T R 21 Ak B, DRt s [ T AR K 2%
RGP 2010 4, Magnus W. Haakestad %5 A\ 1 UK ) FH
du K 155 pm B9 Er & ORP % 1 O 2 5
PPLN fifA, 38718 T 2.3~2.7 um 1 3.7~4.7 pm 3 Fl Y
T 2k T A5 5t 5 R R, X IR KR
4.0 um B, SF 34 K8 37 mW, ik il 5 R 480 fs.
2012 4F-, Nicola Coluccelli %5 A fifi Ffl # 45l & 250 MHz,
HUL IS 1.55 pm R s B2 40 fs, i i 2% 580 mW

{4 Er YCLFMOG #5505 mm K1Y PPLN fhi&, 3875 T
2.25~2.6 um(f5 5 6) Al 4.1~4.9 pm (R4 ') J8 L P9 34
Senl PR AR AN O s L T 20~
60 mWE", 2016 4F, Bernd Metzger 55 A | H ~F ¥4 T
2300 mW 1Y Er JGEF REMEOGAR ST AGSe fbik, 15
BT R R 17.5 mW, 3357 Bl 4.8~6.0 um (1)
VRIS 4 Hh, JHAKOT 1) A0 88 L 1) A o SRR kPR
M AR 5INT 1.1 1358

2.2 T LI KR OPO

Fo A LA CEMHOE — B 62 R A Y B2
JEUR, PR H 2141 B OPO 1 — A~ EEZLAF ST
#% . 2018 4F, Pei Liu 55 A4 T 345 964 19 P 2040 %
FRHOG, 48 I S T — R OOUE 18 12 5 10 1R 4 S
PPLN-OPO, A& 1) PR A Y 14 55 24 o 28 Wil D6 i 114
P AEE O, 32 SC A HL ORI I R G 18 58 2238 A S5 R A
SR 703 ) AR 2 P it A 0 A 82 DG iy 5, AR A5 5
£5 F R EH 2L CFP RO oAb, %R
4 353 )R FH WA B K bt 2 S a4 3 A Y AL e
P Y FR 57 DE JC R (APPLN)™2 Sz 30 1 7 43678 35 3.1~
4.5 um 1 2.9~5.0 pum (4 5EH7 TP 2L RO GH H .

7 A A AL AN CRMEOE I 5 — AN RO R
KR OPO., fRI 255 1) OPO 48 =L 15 5k
W 0, T IR 1, W o = w0 = g, I B F
OPO Xk kW38 8 7= A= (Sub-harmonic Generation),
W2 2t A i ELA AR5 R AR 67 DE e Ay 5, 3 iot
£ B ] OPO Jis PN €0 1T 52 B0 iy IR A (5 55
) i i, 1 HL 9 OPO EA [ A B9 BiAH Fe bk, 7852
P LA AR T T LA R AR

2011 4F, Nick Leindecker ¢ A B X RIE T Er &
PP 25 [R5 2 0 € AR JF OPO, A1 0.5 mm &
PPLN 487 11 5) % 60 mW. 20 dB Jtik i
35 2500~3800 nm 1Y H 2040 K RD OB 1 P Bk
J&i . A543 35T PPLN, OP-GaAs, OP-GaP 25 3E £
P b A, S T ot K 2 IR S BT O
OPO iz #W1 Hrfr| Evgeni Sorokin %5 A F] Fi] 4% Bk
{3 OPO % ARG T il KR 4.2 pm #B S5 H5 har
AN RRPIO, HobiE e R 42 98k 690 nm, 3 RS 41
ORI B, S5/ N Dk b 9 B O 45 fs, AR Y T =A
JasF TR Y IZ K T T OPO Ay S 564 i A b R
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1W,70fs Length matching 2154mz\3/(’) 45 fs
@1 045 nm circult 2 um ‘-G P 7|/ @ m Dry N,

Length
. matching

PPLN1 - circult 4 pm GaP/GaAs/PPLN
15t Half-Harmonic generation 2" Half-Harmonic generation
(2 um OPO) (4 um OPO)
PPLN GaP GaAs
Sample thickness 1 mm 1 mm 0.5 mm 0.25 mm 0.25 mm
. . 1 mm ZnS
GDD compensation 5 mm Si 2 mm ZnS + 4 mm KBr 4 mm KBr 1 mm ZnS
Material GDD 40 fs? —40 fs? -20 fs? —-10 fs? -20 fs?
Material TOD 20 600 fs? 4400 fs? 2200 fs? 1170 fs? 2200 fs?
Round-trip GDD 85 £s? 5fs? —15fs? 35 fs? 25 fs?
Round-trip TOD 28 400 fs? 12 200 fs? 10 000 fs? 9 000 fs* 10 000 fs?
Threshold ~1nJ ~0.4 nJ ~0.5nJ ~1nJ ~1nJ
(250 mW) (100 mW) (125 mW) (250 mW) (250 mW)
Slope efficiency 30% 50% 59% 40% 25%
Egglfﬁrfgf&fﬂg ~20% ~25%-45%  ~25%-45% ~20% ~20%
Max output power 75 mW 200 mW 215 mW 100 mW 60 mW
Spectrum FWHM 265 nm 500 nm 690 nm 695 nm 630 nm
Min duration
FWHM 110 fs 60 fs 45 fs 45 fs 50 fs

Dispersion data corresponds to 4.2 pm

€ 6 GURKTHIIT OPO B L K FE 4 2 =L R R P 2040 CRNEOLEY

Fig.6 Mid-infrared femtosecond laser with a pulse width as short as three optical cycles produced by a cascaded degenerate OPO"™!

K6 . B EFHPFRTIZ 1T W B Yo CEDGLRH
JEAR AN PPLN fb A, AT 3% 500 mW., Hth il
K 2.09 um. kR 55 BE S0 fs 19 T FO6E SRS R
A 1 TR I AR SR, A3 0B g RO L T ST
OP-GaP., OP-GaAs FI PPLN i 14 i) ff 71 iz %% %y 14 45
Moo ITAE, PLAL Tm SGEFTHORARFI Cr:ZnS BOLEE
T, RERSHRAE 2 um DL 9 JE G, o R] R R
OPO I LK M E 4 um DL I, 53] T 3~5 um
H BTG5 A AT T8 . 2012 4, Nick Leindecker 5 A
it F P T3 1 WL R IR 75 MHz, T
£ 2.05 um #Y Tm 6 2F J0O% 85 t8CR W I8, 2 T OP-
GaAs [ i 3f OPO, 3K 153 T Lo I K 4.1 pm, Hi 7

Bi 2.6~6.1 pm, SFITER 3TmW (L AN REMEOE®,
2018 4%, Viktor Smolski &5 A\ F Fl i i -4 2% 7.5 W,
FEMK 0.9 GHz, LUK 2.35 pm B3R CriZnS
KEMHOGERAE I Z R, 2L T OP-GaAs fijJf: OPO, 3k
157 3% 58 i ok — SRR (3~8 pum) 1Y TRELAM K
ROt P A T AL RSO R E E  R E ad T
0.5 Wi,

3 BRESERE

2~5 pm P B LI AMEOE IR E R L E LA T
M, {5 UT 2040 800 nm B 1 um i Bt KRNSO RS
b, L AN KRN O 0 K R i S R, A R IR A
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Feo LA CRMHOE Y 7 A 32 BRI 2k P g A
ARSI AR A 22 R (BOEF SR
R), FIHI DFG HAR ™ A iy R 2050 CRNEOL - 2 D) 5

EIkE T 15 WDKK 3.2 pm, FEEHTR 100 kHz)P,

T RBA K AE R IR F) 21 mI(FhO K 3.3 pm., I {E T
0.3 TW)™, 5 DFG . AM [k, OPO HFFZ—H 4K
T, AN FH 25 08 ™ A= i R] [ 25 A Al (55 e sl
W), PR 45 R B T OEL R e AR e . R
OPO H AR 7= Wy h 1AMl i RO E M vty CRD
WO FMELE R A EE WA 7 FiR . WTLAE Y, B

IR (> 1 W) B 204 RRMEOE 3 2 & 3L T PPLN,

KTA il PPSLT 55 A AL W AR Ltk di ik, 32 R E AT
A LAA S D15 1 um CREO6 B A . {DFHTiS‘S
S SR B XT 4 pm DL F IR AR AR B A R, ax
£L4h OPO H i — M TAE 15 5oLk, 4815 5 )
S £L AN CRD RATO R H 0 [R) B OF Je s SR E B A 1
FOEHR T E . 2014 4, Lin Xu 58 A TAE® 5245

(R RASOG H o BRL, 1R A 2 T IR AU B iR i
e IR R U 20 A ] i TR OPO 2
—EERR T

e, b T PPLN 5 KTA % 5 &t 7] i 30R
Hb 32 5 T RO BRI RS, — T T8 A 0 b A
FFEA M SCHAAE , 55 b T T A5 14 00 2 1 2 e Y
35, AR E TR AEPKTE Yb KA EOG#R A0 L
J& Jp 5T PPLN ok KTA fh A (9 PRATOE BB 4 rh 2141
KFP OPO $2HE T SEAl . LUKk, AR A ALY AR Lt fn i
Ul GaSe, GaP, CSP 5 ZGP %5 X} 3~5 um 3t Bl () W
F B A /N P 8 R, e L BGE A T IR
JEEAER A 204N KB OPO. H— )5 I B AITX 1 um
WOCAFAEROE ¥ W, B . 5005 (A, PRt
7 ZE R A Er AP OGS B 2 pm REDOG RS .
2021 4F, Sergei Tomilov #f¢ 18 T #% ) B8 1) Ho:YAG
B B0, 2R3 T F X081k 40.5 W Y 1.66 ps i
A e 1 ) ﬂ?ﬁ%ﬁt?#’fm%ﬂkéﬁﬁ%ﬁ:m%

Wk BH RO BB IR (1 TP 2040 OPO 1] 345 i b o it et OPO AL I . 55 —Jrim, dEE AL
10
-+ PPSLT, 56 MHz, 940 fs, 7.8 W[27]
Broadband Mid-IR
"""""" Tunable Mid-IR
2
PPLN, 136 MHz, 1.5 W[28]
P KTA, 75.5 MHz, 100 fs, 1.31 W[32]
E PPLN, 80 MHz, 90 fs, 650 mW[29]
3 oso L OP-GaAs, 0.9 GHz, 500 mW[52]
g2 RTA, 80 MHz, 240 fs, 200 mW[19] HGS, 81 MHz, 500 fs, 355 mW[33]
| e A A T O R DR NS
;D OP-GaP, 250 MHz, 45 fs, 215 mW[51]
§ ........................................................................ KNB’ 75 MHZ, 60 fs’ 170 mW[zz]
< PPLN, 90MHz, 45 fs, 92 mW[40] - AGSe, 42 MHz, 175 fs, 113 mW[35]
PPLN, 90 MHz, 201 fs, 64 mW[41]
......................... CTA, 75 MHz, 50 mW[20]
OP-GaAs, 75 MHz, 37 mW[43]
OP-GaP, 80 MHz, 70 fs, 30 mW[48]
KTP, 75 MHz, 175 fs, 22 mW[21]
0.01
PPLN, 80MHz, 10 mW[39]
1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10
Wavelength/pum
[ 7 rhr Al KR OPO(ME LA FLIATEE Fl) AN T8 OPO(SLLR AU I Hh it o Y ) b

Fig.7 Summary of the tunable Mid-infrared femtosecond OPO (dashed line represents its tuning range) and broadband OPO (solid line represents its

output spectral coverage)
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Fig.8 Typical absorption spectra for ZGP, CSP, GaAs, and GaP

ZLAME L SR Y e BT AR R oAb 2 B AR — A
HEURAL, [E X ZGP AR B B C 2 USR5
e, (E R AR | AE X v £ A0 A e it A R o Z1 A1 P
A7 105 FEREE R AR R 2%, E15—
PEAY R, R ZGP iR A N J2 3~5 um P B M
PR LMt 2% A, (A B AR E3E T ZGP ik
HZIAh €EP OPO WY TAEHRIE, SOZFE R ZGP @AAXS 2 pm
P U B3O B B Y i A, AH AR B 2 pum =
3R REPBOG AR 1R R &, ZGP SR TE P40 Ak ]
B> OPO it SIS AN FE I 455 .
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tho 2015 4F, L. Xu % AR XA 5000 T Kig
K F OPO iz %, R Wi TE Mk v e & 11 W, Pk
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