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Fig. 1 Relationship between emission spectrum of HHG and driving laser wavelength under the condition of perfect

phase matching™
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Fig. 2 Schematic of two kinds of 2-pum OPCPA system front-ends based on difference frequency process. (a) One kind of

front-end includes a femtosecond Ti :

[29-31] |

Sapphire oscillator, the 2-pm seed pulses are generated by a DFG process

directly ; (b) another kind of frond-end is the pump laser based on OPCPA system, this pump laser is a

picosecond Yb-doped laser amplifier, which is used to generate the 2-pm seed laser with the assistance of SCG™"
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Fig. 3 Transmittance windows and the maximum

effective nonlinear coefficients of several typical

nonlinear crystals™
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Table 1  Damage thresholds of several typical nonlinear
crystals

Crystal Damage threshold 2 ps@1030 nm/(GW * cm ™)
BBO 7ot
BiBO 70"
LBO 490"

LiNbO, 707
KTA 635

YCOB 1255
ZGP 16@2 pm™"
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. 4 Transmittance of several typical solid mediums
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Fig. 5 GVD and TOD of solid mediums at different wavelengths. (a) GVD; (b) TOD
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A ML DSTMS SE8L T X% Fl ik wp 09 K, B 5
I T O R B S 48 i AR A5 DK b 5E B Ry 36 £ ik ph BE
31 pw] By~ 1.5 pm 8% bk ook, EE MR
350 kHz /& H A ~1.5 pm OPCPA £ 4 ¥ 1) & &5
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"@.11.4 fs, 263.2 GW [50]

) 101“%5;»14@5 GW[51]

1k @166 s, 6.4 GW [55]
S [ @ofBlieWHMel T
E [ 1 3y @ 517, 84CWES .
= § I, T
=) N 100 W
S 1.
it 0.1 3 [I@50fs, 1.8GWI28] Tl
@ ¥ i 28 W
g f |

[ o 36fs, 0.9 GW[54] @

@405, 0.4 GW[52]

22fs, 0:6-GW[5
il WIS 5 8w

210 280 350

6fs, 2.5 GW[56] @

0.01 | | I N W
1 2 3 456 140

Repetition rate(kHz)
7 ~1.5 pm FEEHAR (=1 kH2) OPCPA R Gtk i
%i&illﬂ,l?,%.m 57]

Fig. 7 Output parameters of ~1.5-pm high repetition
rate (=1 kHz) OPCPA systems/® 1728197

FHEHR, F4E, Windeler 7 FIH Yb + YAG i
KA N ER S R = (P 15,4 W, dE i
YAG fif A () 4 5% SE6 35 A1 BBO i 44 v i) 22 4 ik
R 7= A ko, IR R KTA S 4 % R ik o ik
IR TR . 55— 5 2o ik 23 o] 36 08 AU 46 J5 19
REfE (TR 1. 49 kW) ZEH KTA &k, 523X ik
S5 I ZGOROR , G0 Al B U BORMEE J L 75 3
HIHAR 100 kHz, Jk P& 1. 06 m], V- 1%
RN 106 W B9 ~1.5 pm HE kb, 106 W &
HAi~1.5 pm B OPCPA 258 1Y fi i V- 14 %
WA, 2020 4, Alismail 204 Yb ¢ YAG B HH
A TR s 0 i O K b A =B b — BT T
FEAEL LT R K R 0. 5~2.5 pm, 0
KAE 1.5 pom BT B 58707 98 R0 7 kv, 5 —HOLE
BBO & 475 0 J5 % LBO (1A, 52 36 3% 47 T
0.7~1.4 pm MR F KPR . 5 =BG
PPLN SR P KN 1. 6~2.5 pm B R T ik
L N =R UL e i QUL E S RN A iR QUIEE g
SR JE S0 A e Bk vh e A, o 0. 7~1.4 pm
X R B Bk e GE R 6 fs. X & HET ~ 1.5 pum
OPCPA Z 4t 52 B fe 78 ok o 58 )
2.2.3 ~2 pum OPCPA %%

~2 pm 5 EEH R OPCPA &4 14 i 251
U S S N ¢ o) | QLB U O
KANHOGA N 22 BB YT R BRIk S5 A R
i WAy o b i 3 2GS 22 W 4. BET~2 pm
i AR OPCPA & 4t i 1 B bk i g & 4 JLAS
ES N R R ORI ES G T SR E SR
2012 4F ,Deng %1 3 S FI ] Ti : Sapphire BOG %

Sapphire

B ?25Ts, 132 GW[68]
K40 fs, 65 GW [59,61] ; B0-f5.90.W104]
20
1k -k 10.5fs, 114 GW [30]

F 3o k427,15 GW (58]
R R o v o)
g [ Sl 3W™ 1651, 152 GW[BEl P
s 15, 14.7 GW[67] 425
2 01t rsldd e a8 oW 0]
g o f 1w 151561 6Wled] o
g 3315, 1.8 GWIBO -
(D 5W
3 ST
7 0.01 | 118 fs, 0.6 GW[62] % ==L,

| 1TW

15.5 fs, 0.3 GW[63] K

1 iy 1 1 1 1 1 1

1 1050 60 70 80 90 100 11
Repetition rate(kHz)

B8 ~2 pm @EEHHR (1 kH2) OPCPA F Gtk
7;%;%[1'1.29 30,58-68]

Fig. 8 Output parameters of ~2-pm high repetition
rate (=1 kHz) OPCPA systems/'* 2305668

£ Kr AP A7 63 B 98 . 2 )5 7€ PPLN @bk 17
ZEWARAS 2 pm B BR P, IR RI A Yb 2 YAG 8
HWOEH I PPLN SR F LINbO, fb A, S %) Fh 1
ok b B = GBK s Fe e RSB CKR S B ik
AT e 45 B 2 52 Bk vh 58 BE Dl 10. 5 s, WE{H I
Fh 114 GW [ 2 pm M KR, 10,5 fs kb 58
JE~2 pm 5 E A OPCPA 4 iy 5 %8 ik
$5., 2020 4, Pupeikis Z£° %} Ti ¢ Sapphire %
P35 %% 7= A2 1 ~ 800 nm OB HEAT UK S . £ BBO
AR R R AT 225, K5 2. 2 pm B9 FRF ko B A
PPLN i 4 52 B%E 7 ik b 1) = 90 K s e I 1
ZnSe HEAT OHUAME: IR RAT TR 25 W
2.2 pm BEBOCHK M, Feng &8 Y Byl
A R AR A 22 T TR 2 3R VR 4 /0N 3 43 8
T 3% WA B A b R B 2O 0% 7 A= L B S 7E BBO
pm A TR AT 22 AR A5 B 7 Bk ob, OF IR PPLN
NSNS NE NI X BN Nt 5 B e
ZW BIBO Fl YCOB i A4 2H 109 — B T 2 5 K 2%
HE R Bk op i K & m] 9 B s AR A0 A B
PEESXORIG 1Y 2 o Bk o AT R 40, S &3R4
AR A 10 kHz, Jkohfig 4 2.7 m] A9~2 pm #
Bk R IS 27 W, B S SR E R O AR
YCOB iR SZE T ke R 3. 3 m], FI TR Ky
33 W, %K 132 GW 19 2 pem #8550 ik v,
IZ K v RE i CE DR E D) R H T~ 2 pm
2 MR OPCPA 2R 40 S B i KAH .
2.2.4 ~3 pum OPCPA %%

~3 e P B S ok b Rl DL i B RO A
OPCPA R G K4, 8 — Fh 3 pm 88 5 Pk v 2

1
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~1.5 pum OPCPA £ & h By IR M Ot. 78 i K
~1.5 pm b7 ik ol 9 [ B A 3 pom B G K b
B T R G0 R A 2 ZM 67 DT JE 09 75 v 77 AR 1Y
3 pm B K K o A O™ B T R DM 3 pm
A MK AT R TE . 5 — L LA OPCPA %
i E X 3 pm B K AT HOR R JE Y 3 pm
ik b R A A R T, ~ 3 pem R AR
OPCPA Z 45 1 i i Z 80 | 9 Jip slirssos sl
HAl~3 pm @& #HZ R OPCPA &R 4k 0 e i
Jik b B A5 R A 160 kHz, B ik shE Ky 5. 8 m].,
W DR 7E GW 4%, 2011 4F, Thai 2 ] 4k
LA B Er DA B IO OL g R 2
1.05 pm 55 1. 55 pm #O67E PPLN @& bk 17
ZEN ARAR ~3 pem P ik b B S FIR Nd 2 YVO,
OB R A8 A PPLN A, 52 B R ik o (1) =
PR e R DG E — 20 4 05 5 kb, S 8L T
FHE MR 160 kHz, Jkf e 5.3 pJ B9 ~3 pm
MR BOE Bk e B . 160 kHz B A M R 2 H R
~3 pm OPCPA R4 H M e {6, 2017 4, Elu
2R TR (4 2R G R R B A B 4, S0 B T
AN 160 kHz ()~ 3 pm BOG BK o 1, 38 i
PPLN & & 1 KNbO, &4 CK 5, Bk ol 8 1 9 48
FHE 131 p), XN F I ER 21 W, 2 H AT
~3 pm OPCPA RGELHM I KAE. 2016 4, Yin
ZELI R F2E 5 Ne S 1025 DG £ X Ti ¢ Sapphire
WOGTROR 2 it ) — 35 43 OG HE AT 635 R 58 L Bl S
16 KTA & o it 47 22 W07 A B kb, 55 — 3B
43, Ti * Sapphire #6218 PR BOK G 53 MgO
LiNbNO, #fh &, X Ff 7 ik o #E 47 = 080K, 5 Ja

©5575:290 GWes)-
G W S 20

10 E1W @:3215,266.GW{70] @731 iTew (T3l
@ 100, 5.2 GWT1]
61fs;:5.GW{74]- @ T 97 814 GW[33]

38fs, 4GW[32] @
10" E St Y GW[31]\‘.-_‘ 2 q

3815 11 GW 78]
701504 GW 7]

4161s,03GW[T5] @ -

Pulse energy(mJ)

-
<
[}

o ¥ 005,01 GW72] e

67 fs, 0.06 GW[53] @ ¢

102 1 P2 ol
1 10 100

Repetition rate(kHz)

B9 ~3pm @EEWRC1 kH2) OPCPA £ % i
%ﬁLBI—%.BS.GQJSJ

Fig. 9 Output parameters of ~3-pm high repetition
rate (=1 kHz) OPCPA systems™' ™% 6978

FHStHeaE A7 €0 BIORN A2, d5e 2 4R A5 Bk v BB LS
5.8 mJ, Pk FERE S 20 fs, BE{E I3 N 290 GW 1y
3 pm @K M, J& HHT~3 pm OPCPA R4 1Y
T 1 B b RE B B A ko B L SR A TR
2.2.5 >4 um # OPCPA 4%

3% BR 4 07 DU i 2% 1 AR 28 1 A 0 3 0 o
FUL AT 1 o 82802 iV iy 2 38 95 B 5 300 g o
KAE~4 pm BHER OPCPA R4, HIR LGS %578
1 pm BB AR & M R B REE OPCPA R4
PSR KT 4 pm WG A (AR X
JE 2 A B B 005 (B 5 /DN BB 3R AT B /N Y B Jbk
MR . SEHLMK R T 4 pm B KAE i Bk b 7 2T
PETE 2 pm PEBRZEHIR . 2 2 B85 Tk K
TAT 4 pm MR ELZME OPCPA R4 M i it 2
B 2013 4E, Zhao ZENME Nd 2 YVO, FEE
B #8 AE A W . #E LINDO, &k psg 8t T
3.3~3. 95 pm P I WO Bk b L Bk b SE BE R
111 fs, Pk obfER N 13,3 mJ . F ¥ o 3 A0 {5 1 R
A%k 13,3 W R 120 GW, 2017 4E, von
Grafenstein 2577 #5# 7 —4 5 um P B OPCPA
RS LZRGW TAEAE 2 pm BB R Ho = YLF jiX
RAAE NI . A OPCPA & 4t 1 1 i
JE— N H AR LM G A O R BE 4B Er LA
BWOGES 3.4 pm B P K oP 7E PPLN & 44 o 3@ i
ZEW L R ARAR . B K v AE ZGP R T A ) ik
KT RS 5 pem PRSI Y AR €00, B Je — SO
KR LA VT AL, e &R CaF, JE %6 5 1%
F bk op SRR 75 fs, Bk opEE A 0. 65 m], 3T
BN 0.65 WG I AN 8.7 GW [ 5 pm IRHDG
kP, REL S AL E T 2020 4 52 80 5 ik
MARER N 3.4 m], IE(ETI N 38 GW B 5 pm #
JE K O S 2019 4EL Qu SR Yb + YAG
WO RS Bk v g & 14 mDD ME N R, B
YAG &b v (1 8 3% 2206 1% LGS w22 4 72
A B K e Bl K e g SR 3 2 AH 07 D E 1Y
PR LGS B N 2 Ge Btk 47 €0 0k B2, I
AR AT Pk v R M % 10 kHz, ik op 55 E R
142 fs, Pk B Ry 14 o], P IIFRR 0. 14 W, %
HIE K 0.1 GW 1 9 pm 4 kb, Zik K2
H AT 3 & 5% OPCPA & 4i i ih iy e K i K.
2020 4F , Qian Z 56 Nd = YAG BOG K 23 4E
LM U, Ti ¢+ Sapphire JOE 240 7= £ 4 pm F F Ik
e KTA SRR SZE T X 4 pm R 5E R ik ob
() R K 5 2 M et R 46 I 459 B bk o 55 B A 119 fs,
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#2 =4 pm BEEANE OPCPA REHW T ERMINBH

Table 2 Output parameters of high repetition rate (=1 kHz) OPCPA systems operating beyond 4 pm wavelength
Time Wavelength / Repetition Pulse Pulse Average output Peak Reference
pm rate /kHz duration /fs energy /m] power /W power /GW
2013 3.95 1 111 13.3 13.3 120 [15]
2017 5 1 75 0.65 0.65 8.7 [79]
2018 5 1 80 1 1 12.5 [80]
2019 B 1 68 1 3.1 14.7 [81]
2019 9 10 142 0.014 0.14 0.1 [82]
2020 4.9 1 89.4 3.4 3.4 38 [83]
2020 4 1 119 9.53 9.53 80.1 [84]

kg4 9. 53 mJ. F¥ TR 9. 53 W, I {H )
FH 80.1 GW iy 4 pm WHEE.
2.3 REMRERE

T3 AWM T HETAE N [ B B s R
OPCPA RS SR ME. Z& T Yb il
PR P & Je K BBO il M4 1 e 4 47 1 fE L R R ST
A R0 95 1 257 9%, ~ 800 nm 5 8 & Hi % OPCPA
R T R . HOETC S8 5 Kk b
REHE N 53.8 ml e Py 112 WL s ik o
VLN S fs, B IEEIIF N 5.5 TW, ~1.5 pm
() M OPCPA RGEF K E A 3 # £ Yb
PO K EFVE N . A 800 nm Bk
A BOE R W B, OPCPA & 48 TR i AL 0 F
SEOEMMRA AT 1.5 pm P T A F T
U /N 3 22 )R R K DR BRSSO 1Y O
BE L7 AE 10 s LA B JR 0T S R R ik o, 1 pem B
JEAE I, AR 32 A A7 DU B Yy 30t AT A S
T 251 98 AR AR AT 10 ik v g8 R A S L LA

fs 24 . TAETE~2 pm P B9 OPCPA &4 £ %
% F BBO.BiBO, LiNbO, /PPLN 1 YCOB % | £k
PEdR R . BBO Ml BiBO 76 >2 pm i BE W48 R 7™
L oK 3% W R A B9 ~ 2 pm OPCPA £ %0 i i
DR R #E 10 W 247, LiNbO, F1 PPLN {4
R TR WSS /1N o AL 77 1 O BT AR 50 W A T L R AR
Pl N QUL RSRG ol O QULR I8 i (T B 1
YCOB fh iR 78 2 pm B Bt B AT 805 1038 1 % L 4R
i AE £k M R B0 A BBO/BiBO By 4y 2 —, B8R
AT RLSR 3 A 1 i A i R 5 e 19 A B 0% B2
25 R b A Y 3 45 7 98 W R 5 A G 20 B AR A
T ANFF R ko i 7= 4 . ~3 pm OPCPA
Z %% H LiNbO,/PPLN,KTA (800 nm #{ 1 pm
WOL T M ZGP R (2 pm OEFE WD . FH
1 pm/2 pm BOGFE T B, 32 BT AR 2Pk b R 00 1
Fik fy G AR ME B AR A R a0 R Bk b, R
A6k 52 A 306 2R T 10 DL WK O 2 0 K 2 Y
Jok w58 BE Ry 20 fs,

# 3 ARMEB OPCPA RS M Mt 25

Table 3 Optimal output parameters of the OPCPA systems operation in different wavelengths
Repetition . Pulse Average output Peak
Wavelength Pulse d fs
avelength /pm rate /kHz ulse duration /fs duration /m] power /W power /GW
0.8 11500 5 53.8 112 5.5X10°
1.5 350 6 3 106 263.2
10.5
2 100 3.3 33 132
(Pump source is Ti : Sapphire)
20
3 160 . . . 5.8 21 290
(Pump source is Ti # Sapphire) °

H i =5 5 2 45 8 OPCPA R 48 w1 4 o K AE 2 .
e R R BT S O ) R R . % E AR Y S
BUARAST T w5 8 2 T I B R AL AR g O AR Ak A
BR AT HOEH R Y A T BAR R TR S R
TR 3t e R R A8 PR 455 450 5 1) 496 4 417 5 LR af L

B R R I 2 i 52 B 1 2 S AR O 4% (LD #4173
WL — L EZ 8 TR, B Yb B
JEHR AR BERS R LD B4 A0 . A b Tk R A
oL DR Gy L 2 LR R R R TR OPCPA &
Gy dEah . HETC A %tk D kW 2247 VB ik of
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e m] B0 kHz 38 Yb BAHRSOE K 2R E
Jok w58 BE AT JLAS ps, BEAE I — 25 3 2 3 2 M Tk 45 T
Bl e WA bk b, JE W IE A TR
OPCPA Z 47, M T 800 nm M8k £1#0k .
% Yb BB RO i B K 7R S e i
BOR LA OPCPA 24587 W BAL#, A%
KKRT 4 pm BB BE OPCPA R UFE 2 pm #
PR TR AR AT Ry 5 U 2 32 3 o 2T A1 O 4
255 S LD Z 3l U5 BE B BR 1 L B R B i
SR AR T A fr ik — 2 & . ZFE OPCPA
ARG h it — A SC B e Y R/ e R L T A B R
AR O S0 R A HE L 7% Sk . BBO.BIBO,
LBO.YCOB,LiNbO, & KTA &4 K FEE
T 2 LA A ) 05 R L RE 8 S R R
A AH R A7 AR E e R Y BRI 5k e R S
AT <4 pm B OPCPA Z 45, J& 1 % 1k iy
PPLN AR5 08 15 T 96 1) 38 2571 9, (02 H AT ie
TiE B 42 PPLN S 44 A9 il £ . 38 TG 35 1 3
KB OPCPA & & p™, K F 4 pm W
OPCPA #4 £5 LA ZGP Sk N IEal, ZGP Mk fE
2 pm DUT HA R0 T2 2 pm RO
R ARAE R FE RS . oAl SR B AGS L AGSe
5% GaSe.GaAs 5 F IR BAR W IE P 20 /M B B
A2 v 1 375 3k %, HV T 2 05 B (AR R R ST A KR
S5 7] 8,

JEI B9 OPCPA $ AR A H AT A 58 1Y &
iz —. RAELEEB R OPCPA REHEW Hik
7 AR S0 R B bk L 49 0 800 nm (1. 5 pem FI
2 0 T ] g S K v i 7 A T
DLl 38 i OPCPA £ 55 1 3 25 717 9 S5 3, 4] 4n R
FHRUUE B OPCPA H7 A Fl5 580 2 WA Rk ik b e
(FOPA)HE A, UM OPCPA A 5% 1 5 WE Wik %)
8 et ok VR R 2 R L BE 5 A A 5 OPCPA &
GE B 25 950 FOPA H AR 78 45038, 4 4T Jik e
AT S i K % B AR R EAT AN [F] A 6 D e £
R A 2 1 A R Ik b R T B4 O 1% R 43 . DA 38
OPCPA F 5t 1) 34 £ 47 98, e 2 A8 1% 52 30 8] 30 o ¢
RS Dk R L S O L IR R R R RE
i ve A SFTHOE Bk e 9 6 1S H 45 A OPCPA R
e 8 52 BT Rk < 19 58 5t i ] 1A o 2 i R e ik e
JEFAE OPCPA R AR S B4 7 A J8 1 it 9% J 1k
wh i o 2T A BT

3 4% 7

OPCPA H AR AR A I AE 22 1 14 1 58 1

F5AF FE L 0 ELAT LASRE S CPA Hf £ 7E B 1 25 45 £k A 3R
RN X Ty A ik — P oK Ry BRI B, T
OPCPA H AR CRMEOE 7 5o A 542 52 B 5 v fok g
B ) 23 1) J 30 008 e O ok o i o o EL e
e AR B & B, OPCPA # H i Ot & 48 A AL 1E
800 nm [T 528 T 0 R A RE L 76 55 B = T R 4T Ah
W (1.5 pum,2 pm,3 pm K >4 pm 3B R
Stk oy R R B A L. 4R OPCPA
RGALFEFEWH IR 573 OGS iR GOR R 48 25 AR
ff) 32 LG S A BB . X EE RS TR [ I BE Y
OPCPA RGPy 7 [\ 5 S48 1 A [ i
K s MR OPCPA & 4t i i 58 BUIR L 320 1)
XF & Be OPCPA i th Z 8047 1 0 M v . H Al
i 2R ) OPCPA &R G AL BETE ~ 800 nm I B¢
SC PR (T R AE TW 8 G I8 kb (1. 7 Aok
JED Fr il o 32 30 5 IR B 2Rk S AR 0 R L
LIANE AR OPCPA F 4t 1 W E 3 7 Bl BR 1 78
GW 2, Hi i KA 9 pm. AR & & 24
% OPCPA RGHIAE TR B & . 0T i ) 38 R0 0T K i
KEghmmERE, ket RER EERK
A B RO IR 7 2 S B B Y G, i Ah
G5 G AR Lk e 4 1R R A% F — 28 R 4 i s ok i f B
JE 77 A A T B 1% ) ek e WA {1 ) % e ik o
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Abstract

Significance Optical parametric chirped-pulse amplifier (OPCPA), which relies on the optical parametric process
existing in nonlinear crystals to realize pulse amplification, can further enhance a yielded peak power by avoiding the
gain narrowing and thermal effects that usually exist in a chirped-pulse amplifier. The generated ultrashort pulse with
high peak power from OPCPA can considerably extend the ultrafast pulse to X-ray and infrared regimes, thereby
bringing a new revolution to ultrafast science. OPCPA system pumped ultrafast X-ray desktop light source has
potential applications in medicine, biology, and materials science. In this article, we review the development of
OPCPA systems, including its main characteristics and research progresses in different wavelength regimes (~0.8,
~1.5, ~2, ~3, and >4 pm).

Progress In ~0.8-pm OPCPA systems, the pumping laser pulse (0.515 pm) is usually generated via the second
harmonic generation process from a Yb-doped laser amplifier. The seed pulses can be generated using a mode-locking
few-cycle Ti: Sapphire oscillator directly or via the supercontinuum generation process. The energy/power of seed
pulses is usually scaled up inside the BBO nonlinear crystals. The dispersion compensation for the amplified seed
pulses is realized by the chirped mirror or glass block. Currently, the highest pulse repetition rate of 11.5 MHz,
shortest pulse duration of 5 fs, maximum average output power of 112 W, largest pulse energy of 54 mJ, and highest
peak power of 5.5 TW have been realized in the ~0.8-pm OPCPA systems (Fig. 6).

In ~1.5-pm OPCPA systems, the pumping source is a Ti: Sapphire laser amplifier or Yb-doped laser amplifier.
The seed pulses are generated via the supercontinuum generation process in noble gas or transparent medium, which
is stimulated by the Ti: Sapphire laser oscillator and Er- or Yb-doped fiber/solid-state laser oscillators. Different
crystals, such as BIBO, DSTMS (organic crystal), KTA, and LBO, have been employed to amplify the seed pulses.
The dispersion of the amplified seed pulses is compensated by the fused quartz, Si, or chirped mirrors. A 350-kHz
pulse repetition rate, 6-fs pulse duration, 106-W average output power, 3-m] pulse energy, and 263-GW peak power
have been achieved in the ~1.5-um OPCPA systems (Fig. 7).

For ~2-pm OPCPA systems, the Yb-doped disk laser or Ti: Sapphire laser amplifiers are mainly used as the
pumping sources. The seed pulses are generated via the difference frequency generation after the supercontinuum
generation process. The seed pulse energy/power is enhanced in a crystal, such as PPLN, LiNbO,, BIBO, or YCOB.
The amplified seed pulses are compressed by a high-transmittance crystal, such as Si, ZnSe, or quartz. The optimal
output parameters achieved from the ~ 2-pm OPCPA systems are 100-kHz pulse repetition rate, 10. 5-fs pulse
duration, 33-W average output power, 3.3-m]J pulse energy, and 132-GW peak power (Fig. 8).

A ~3-pm OPCPA system is usually pumped with the Ti: Sapphire laser or Yb-doped lasers. A 3-pm ultrafast
pulse can be directly amplified using the ~3-pm OPCPA system or can be the idler pulse from a ~1.5-pm OPCPA
system. The employed nonlinear crystals for amplification are PPLN, KNbQO; and MgO : LiNbNQO,. The pulse is
compressed with grating pairs or solid medium (Si). The highest pulse repetition rate of 160 kHz, shortest pulse
duration of 20 fs, highest average output power of 21 W, largest pulse energy of 5.8 m], and highest peak power of
290 GW have been reported from ~3-pm OPCPA systems (Fig. 9).

In OPCPA systems operating beyond 4-pm wavelength region, the pump lasers are 1-pm Yb-doped or 2-um Ho-
doped laser amplifiers. In particular, the Ho-doped laser amplifiers are beneficial to realize a high-efficient long
wavelength from the OPCPA system. The seed pulses realized from the difference frequency process are amplified by
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the ZGP, KTA, or LGS(@1 pm). The dispersion management is performed by CaF,, Ge, or grating pair. At
present, OPCPA systems can deliver a laser pulse with the longest wavelength of up to 9 pm (Table 2).

Conclusion and Prospect Although the performances of OPCPA systems in different wavelength regimes have
remarkably improved, there is still scope for further improvement. With the progress of high-power pump laser
sources and high-quality nonlinear crystals, the OPCPA system is heading toward achieving shorter pulse duration,
larger pulse energy, higher peak power, and longer output wavelength than the existing ones.

Key words laser technology; optical parametric chirped-pulse amplifier; ultrafast laser; high output power; high

repetition-rate; optical period
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