55 51 45 7 1) T o Vol.51 No.7
2022 4E 7 A ACTA PHOTONICA SINICA July 2022

“BAMERATREEE(XAFERMNT A +AE"LHE

5] JI#% 3 : CHEN Runzhi, XING Yuting, ZHANG Yao, et al. Nonlinear Amplification Techniques for Ultrafast Fiber Lasers
(Invited)[J]. Acta Photonica Sinica, 2022, 51(7):0751415

Wit A 3 0, SR B A L PROLLRHOE T AR Lk ks O EOR (R0 [T]. 672441, 2022, 51(7) : 0751415

L PRIE 2T O A AR e M B R BOR BOR (k)

MM, R F A RE L EMR L EEA AL, FE R
(1 v FE R} 2 g 9 BEATF 55 0 4 3 5 5 S0 56 %, b 7T 100190)
(2 V92 FRHE R Wy 5ot TR 2B, V5 % 710071)
(3 EBF = e R, dL 5T 100049)
(4 WAL AL RS2 95 %, T 7R AR 58 523808)

B E.S3YFE5RTCHRAARLRAAEFTRAIRG B RRKBLEMN, £ K IR,
EERABE R FTRETOEILZR L, ATEERARRPARBERGLA R LRI AR R4 T4
AR E A 1 mlF R AR TR T AW BRI £ 200 s A b Rk B R F R RLEAK(L~
100 pJ /e B2 M) BRAPSEE 2 £ 42(60 s A THZEE42)69 B A E K. 5 RABAR 2 K3 AR E & T Bk
R AL E AR ARBERFRFGOEEERAZEAMRERFTGER LMY,
FHAA KGR BRSO A AR g A s, 2 H SO RS S A9 T A 60 fsh T a9 T AL
ARk, AL EBABBETRAKRRAAG, EENZ AAMMY EIRFHKR FRERERAKR IR
FHA R RS IRF AR OA R B RA R RE ARG AR LRI KRAB R RS, Fd
TR E R IR A KRE S % T oRMES AL FEETAME I MHz FH 2 FHE 1 kW FRob
EImlAAEME50 sk, EFTERASELME ST CHRFRELMA S M0 T F M0
Bl AR BHENS SR,

RARIA AR P RO s B AR A R BR i AR TROA KR B ALK 3 AR B AR TRk o B ob ALK
B 425 . TN248; TN253 MERFRIRAD : A doi:10.3788/gzxb20225107.0751415

0 55

o U e RO AR A R R R A T OB B O i T BT ik e e A AR A SR AR LA ) R Y
FHAG 5 o FEIRBUE D3 B bk w7 T, Y625 SO 48 4 L T1% 80 19 B 28 ok 8 BA 1 2 0 3, Bl an & 6 - i
R | R EO R B I G R R T R R R B AR BBOG AR WO A8 AT BB AR T AR S Y
APk o H 32 BR T O 2R AR MO K v g e B AR iE — 2D 8 K b B RT3 ) S A S 22 Y ik ik
Ko FESCEFHORAR b, W06 5 18 25 A 03 09 1F B BE B 84, G B3 1 25 b A% 40 R i R 2% e LA Bo 9.
HIEBEOLL , BTG/ G2 E 5 AR TR 80 %0 , P I AB B G 4R R 48 WK s D R GEF O R G i B ik o

A 2 M 5 2 1 24K bk i BB R R B R Ik o 0 A T A R R i G K R R RO A
Bl 2 38 5 ok e A AR 2 PR KON Bk vh B R ok T 2R 0 AR LM AR L, o A 04 {E 2 R 2 3 BOM OBHI IR .
19854F ,MOUROU G fl STRICKLAND D 5548t T —Fl 87 (49 R S B% < 78 Ik w0 iy v 4 ke B3 IR ok
7 [ BE 12 11 0 /L Ty e, AT ki e i e 0 1 ) 23R 0 Al 2k AR RURE A48T 5, 33K AR S RO 2 v i Oy
B W Wk ik o ik K (Chirped Pulse Amplification, CPA) AR ™ i H AR F 2018 4F 3k WL /R FE2= % . H
STOCK M % T 1993 444 CPA £ AR 1 R W HZE G EF i K28 )5, CPA Jich RBM B BOL A R4 R H 1Y ik

E£TH B %A KRB 4 (No. 62175255) , B 5 & fUHF & 3151 (No. 2021 YFB3602602)
E—EE PRI (1996—) , 5 WL 58 A, E 5 05 0] S OG LR 06 AL 26 F B 3B AUR o Email: runzhi.chen@iphy.ac.cn
SIB B RAEE): H B K (1976—) B FRIEFIT b 18, B 0FT0 )y 1) S PR A O BRI 2Ok T BB % . Email:
guoqing.chang@iphy.ac.cn
s BHA:2022-05-15; R FA H#:2022-06- 20
http: // www. photon.ac.cn

0751415-1


https://dx.doi.org/10.3788/gzxb20225107.0751415
mailto:E-mail:runzhi.chen@iphy.ac.cn
mailto:E-mail:guoqing.chang@iphy.ac.cn
mailto:E-mail:guoqing.chang@iphy.ac.cn

P/ R 4

KA, BHAET, FIUH CPA AR 76 AAMOGLE v 3045 (0 5w S bk b B8 B L 1 mJY, 3R A5 10 5 KO- Th 500
1kW 4"

JEEF CPA Z G814 ik vh R 5 76 pJ—mJ S Bl , 75 22 8 5 450 45 B0 AT i ok o 82 9 1) 10 ps~5 ns s AR IIE L K
Jei B4 Jk e 8 e s 448 300 300 A5 46 i B Mok e, R R R 2o AR b B SR R R M AR S T R AR OK . i PO
o AR P B 1 3 25 28 A RIONE |, K e 6 BE B AR A I UL T CPA M B BEOG2F R G Un 7= A 14 ik ol e
200 fs A I (HAR 22 55 FH % ik o BE 4 (9 B SR B4 L 7E 1~100 I 3 [l 22 9 B AT, 0 505K ok wh 58 FE7E 60 s AR,
XRE Y R FH A5 B 1 s 1 A R R 1) U I 7 A A SR A K L 22 S SRR B 1 e AR R P O AR B T K
A 225 1 E T R LLAN ORI S . e AR A T 60 fs (9 ik vk, BRI B & R T AR PR R AR L A
Bl 35 G HEAT BB WO DR A7 Ik 9 76 B D dk 9 DA T AR 3R Rk 1 AR 2R R AR RS S BOUBCR S Tk o i) 5
Syt AT BB, ELAE B B A B A 0 WA Bk, PR I 26 5 A% G I O M X R 4 S R A 7 A <Z60 fs 1 I
AR AR BR K of o H AT, AR AR OB AR R LU S5 2 DUE =80 1) B A BLI P  Jk ofoise K 5 2) T ek A 3
K 53) 18 #5  BRK .

1 Bl &k ih A X

U RD ik rp oA I GBS TR AL e, A AR A 8 (Self-Phase Modulation, SPM ) Al 1F {0, 8% 59 48 B/ i 4>
SEOGP AL, 6 R TE T B koo LR 4 . 1996 4F , TAMURA K fl NAKAZAWA M & 3, 24 KF ik o
FEE €0 B0 25 ST O 8 TG B  7E A 38 1 2 0 T, (8 . SPM RIIE 25 =2 1] 1) A1 B A B % L1 Jok b 8 il K
i R Hp R T Ak B A R Bk b 33 bk e LA R WA K, AR 2 ) — AT S e M R A b R R 4 #1100 fs
AR . S8, R B IE GO BB B 2506 27 O b0 K FE 1.55 pm CE T8 200 pW 19 350 fs ik o
R T 18 dBo He ZAE & A b B X6 R 5 i Bk o e 45 21 77 s i T HA E AR B E LT R R
I — A A 6 pm, DRI RT AR A K e RE AT 0.5 n' L RS AN 3% TR TR RE T R IE (5 BB 2o £
S B AR L K R T 5

TAEAE 1.03 pm BT 098 86 2F AR ALEA IE R, i G- R A RCR AT LU 15 80 %, IR L 7E 20 i 2 4
I8 B AR R AP Ik o 1 Ay B8 PR £ OB 58 BRI AR S . 2000 4F ,FERMANN M E %5 15 C# 4 4
2Rk vh R 51 BB O AR O A% b, SE 6 ot B MR O 63 MHz ik vh g 2 AU 12 pI 1Y 200 fs ik i K
T 30 dB, kv B85 F] 12 nJ, I B2 Gt e 46 3k 15 1 68 fs i ik of™ o i TAE RS 2200 — R 5 HLe T4
TRABEGE T BRIk b A I G 1 38 2506 21 rh i A G vk T b ad 7, 45 S R A 7R IE (8l . 3 AR 07 18 ) AN 36 25 =&
R A AE T AR BT AR T8 B 0 4 A K o A A% i R K A BE B S5, #1002 4 1 b Vi B AT 42 1 R K 1 9L )
LRIE Wk o Chn P 1T R ) Y e — 2 AL R L AR v, SRR T ik ol AR R0 2 A G o T ER R
SRARFE AL | I [k 47 52 sF (] 0 1 0 25 0 Y 3t o D) o B 2 8 O, Ik 1) 6 1 kg A 202 1R

e L (S -4 50
2 o
O0A08Y
100 | 5000000 “wc,mt,mzo: 0000000000
2 3 . E00000K N
=z 105 e EE00080000000000600000000600, --50 g
Z 3 B
2 % i E § ¢ Q
£ 10 o o7l Input FWHM 100 fs B ok 9 3
& F..7 . o Input FWHM 200 fs 2 . 0 1 &
< 4 o === Input FWHM 1 ps 10 3 v 5
- - = Input FWHM 5 ps N poo
lE — Asymptotic evolution E b : ‘%
! ! I | E oof ) ! Lt Dy
0 1 2 3 -+ 5 6 -10 -5 0 5 10
Propagation distance z/m Time/ps
(a) Simulated pulse amplitude as a function of propagation (b) Simulated output intensity and chirp corresponding to the
distance for Gaussian pulses of duration 100 fs-5 ps, 200 fs input pulse, compared with the asymptotic parabolic
compared with calculated asymptotic result pulse results

BB A 4 S o ok A L R

Fig. 1 Simulation results showing self-similar parabolic pulse amplification"

0751415-2



PRI , 25 - 8 PG LT 06 b i Al Lotk Ik RO H AR CRe)

AL 40 28 Jok i s R AR AR PR 5 VS e ) KA 3 WA 2 B RO LR M 45 & N it — 2B 4R m R =
BBk s RE B . 2002 4, 5 [E BB %2 K 2% LIMPERT T4 R K BE 8 9 m Bidg B A2 R 30 pm 9 R B 8O6 4
PEAT 4 26 Bk oh K, TR 45 )5 3R A5 ik b BE B 0.14 T 19 80 fs Bk o, 1 2 KA #) 1.7 MWL 2004 4F
MALINOWSKI A 453 1 Il F 9 m K KB E L B K B E G I RN B IE S M r -8 T
410 nJ 110 fs By ik wh ', 2007 4%, ZAOUTER Y %4 H —Fp A0 S B DEM TR & 48 240, i X =M@
R RS2 R AR AT T g ik bt o R AR 35 R L AR K2 PAPADOPOULOS D N 4538 53 {46 A 7 5 A 5 45
LR KB 6 = B AT AN B2 AR A T OBk vk B B 0.29 p (9 63 fs ik w0 M )R O 4.1 MW
2009 4, 3 FDOG 1S Y #E A W) B9 DENG Y S5 090 22 ik o 70 R 42 AR K 1 Y : KGW [ 25 4% 7 s i 1 09 Jik
L FE TG P 1050 nm BT A5 2 58 O A8 s 1Y Bk i, RS Bk b B Bl 0.23 UL 1 REE T [ AR
2 ok WK H AR AR 3B B R T b 2000~2010 4F 9 25 5%, 1T LU 2 Bl 25 KA b 1 BB = B O RRME S5 R
[ A B9 FH K T AS W 4 0, Be 258 31 50 s AT

F1 BAEMMIERKEEAEREBBELARRERGHINE

Table 1 Pulse duration and output power of self-similar parabolic pulse amplification in Yb-doped fiber

) Fiber length and )
Center wavelength/nm . . Pulse duration/fs ~ Average power/W  Pulse energy/nJ Reference
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B J5 PR LA AR AR BU 2 8 4 ik ol , 454 B4 B 4% 0 2021 4R ZHANG Y 55 2 1 35k - 5 4 25 0 i K i) 73
WA Bk & 2 i K (Double-pass PCMA,DP-PCMA) AR, %4 R 846 T PCMA $ AR Xt {5 5 Ty 5 1) 4K 6t
TR AR 5 25 2000 09 85 T 22 U 59 /M5 5 (0 8 45 48 B 15 01— GO K A% BIVRT AR A5 1 FC Sk 9 1 Ik o
WA BLE . I BEAR KRR T PCMA B R 2549 &2 22 R B A I F 52 AR .

DP-PCMA 255256 8 41 18] 8 it r o Ry 1 W8 [R5 TR 0 O R R 0 e S5 8 4% 1 — R B LT T
MRS, AT i P o R A E 2 UL AT Y 43 MHz REMEK R 1 . 65515 5 0% e 4 M 3R 43 o) 2 K iE ok
i S AR SRS DA i % 78 ARG LR A7 58—l iR o 35— 5 K S 0% Tk ol e S T A 5 O 2 R0 S 5 B
B AL S A5 I e 2 IOk b O P A5 28 8 R 1), AR EB T AR O R R AT A A . T WA RO B X A
R 22 R U K S A 6 43S T2 R 4 T A O DA T 1 A T RO e 4
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Fig. 8 Experimental setup of DP-PCMA
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Fig. 9 Comparison of output power performance of amplification system'"”
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(a) The amplified spectra of compressed pulse (b) The autocorrelation curves of compressed pulse
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Fig. 10  Output pulse optimized by negative pre—chirp "
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i 384 25 3 1) ) A5 AR Ak, 33 B0 ST A7 2 B 15 A €05 43 1 RO R 485 A I R o e 8 RT S B 1 25
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2019 4F , WISE F U8 41 75 52 56 P UE B 7 1 25 45 BROBOK IR 78 5 m K VZF IS AR R 5 pm 1 =5 18 242 WAL 2
8 YbGLF S B T 107 nJ, 42 fs By bk o g s (I 12) 0 TR AF 48 B 00 JE K 2% 19 REPGEN P 45 3L F 3 25
FH R ARFERKE R 3 m 8 EHAAZEN 20 pm 9 25 6 LF h 3k 45 TRk op BB &0 1 pJ 19 52 fs fkwp ™.
20204, WISE F PR T 4845 58 55 (9 Bk op 8 5, R £F 585 42 O 30 pem #5537 B8 R 19 184 25 ' 2F 4k 252 VR A
FE BN T kP RE R 1.2 0 bk e /N T 40 fs (088 A bk i . 2022 4F IR A 0E — 2B 0 1 25 4 PR
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DL 5 45 B KOG £ SOGAE i, 8 OPCPA AR W B 7742 T 900 nm . 1 050 nm A1 1 270 nm (1) &8 i ik
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20 nJ; i 9 1 050 nm () F 3 6 0T R 46 2 26 (s
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(b) The pulse's temporal evolution
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Fig. 11  Simulated pulse evolution in Yb-doped fiber""
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Fig. 12 Experimental demonstration of a gain managed amplifier'"”
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ol T AR TG BB FE RO B 388 32 K 00 s Jok v 52 53 Sy B 38 A8 0 3 B3 %) A5 Ik o LA R AR Ik o A i
R g R v W ) 2R 3 B ik b A 2 e R 22 S R A LA — A ik e, AT A SR R 1SR LN 9 [ B R
W B2 33 0 Y Jok b R
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Fig. 13 Average power, pulse energy and pulse width obtained by different nonlinear fiber amplification techniques
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T2 R B e R S8 st A K A S ik o ) i i 265 55 00T S A 1) DY Al 8 2 0 A 457 il TORTE AR
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J 39 1) 28 2ok ph TR AR B BUHT S e AR PR 510 ) 8GR Jok 5 7 2% (Pulse recombiner) AT & L — > Bk, 2007 4F , 36
[l B 2% K R 2 1 WISE F U4 1 R A48 BOGEF HOR 5 0 5 LA ko OB F TIOR8 1% B A ik ol
A = B gL 52 WUHT 5 ity AR g ok o 23 30465 RS i S B T 8 Tk vh B9 DPA™ o B 7E 2012 4F , %R
HPE— L 5E T T 3240 T Ik BB EEOGET DPA XS 2.2 ps W Bk oh #5477 R, Dk b BE 52 2.5 T, I 2
R 1MW TR S T O S SR 09 DPA Jr oy, 7 Dk o 7 2 ) | R 2 SR 2k L i, TR O N T B AAM Y
B 4 il 2 GE R ARAEDC AT UK R e KW AR e A%«
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‘ HHD - ARAA-AMAMAAAD.AAAR- "
® v
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i

H14 EFRFHFEGBH 2 MABATER
Fig. 14 Schematic of the passive DPA based on birefringent plates' ™’

s M4 W AR F R 3 8 DPA R 46, — i SE 3R £k (Delay lines) 45 #4 , i o 2 3% A F 0 3% 70 o 2%
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JCHE, HEA U PBS Gy — o, Hy st 2 10 HR ] b B SE IR A AN bk o 1205 SR B R RE RS TE Tk b 2
[R5 AR 1 ns (9 4E 0, R I RE 5 5 B3 (19 CPA J7 383645, Bl i B T i e i B RO LF CPA Rgeh
(ER T %07 5875 B8 Dk b 7 23 18] B 22 U R 5 T DR T S R 35 M P A AR, e AR ] 22 B B 47
RGA A PR G ETF R 2 S8R KRR E 1k
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Jok ey 0 0 G I OK L AR AR T BB D 3.1 p 19 50 fs Bk, W D FE3K 52 MW T 2015 4R AR AR K2 Y
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A BB 77 L AN [R] 1 B AE 15 (Group—delay, GD) , BT 78 I (] b A F3 29 o G 2R b A4 K, ik op A B 1) F oK
e 5C &0 A6 SR S B O £F rh b A7 AR 2R MR i R B, AT 5 W B AR 22 i 88 4wt 25 5| A 5k 20 104 32 AR
57 R, S5l 45 Bk vl %) B G 8 o R R AR A A AR 2 A AT, 3 43 AH A8 E LA K b A2 G A 0 ST S A R
2 AN K b AR T Ik ol 9 B iR i B ™ AR TR IS Y K b BT A £ K b BE R L S BE T X I Y
AR BR K vh o DRLE , FE BB B AR R b AT AR L MR R B, R Tk A A A ik b EE S T R Y A SCE AR A I
BRACINE 6 i A JBE B2 ) — O i e D D) 2 R TE A & - Bk v 22 [ f B ] 42 B 22 /0 J2 - Jok o 5 B2 1) 3% o AR,
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HC KA 1.03 pm A9 4 i IR Dk o 2855 1 mom J2 B A9 32 iR OB R AR A T 1] 5 A A 48 Rl 1) I fR R
45° Ak R Bk 43R A e Bk T 1) T LA K b, A 22 1) A AR SE A 748 fs 5 [RIES PRl A2 gl b ik
oy 2 7 201 s° FN 293 fs” (14 FF ZE B €8 1. DR L, An 2R Al AR Gl JRE S T i i A 4 K ol ] 2 B K
GDD 22 5, {1 & ik i 18] 5 AT AN ] 94 Jok i 5 152 R0 06 (1 ) 32, DT 7 J5 2 Al e P il R ok 78 vh AR 20 [] A AR 46
PEFH AL R R B, 3[R RE £ B IR AR O 0 Ak b F 4 0 . L R T AR 2 ot AR Y T K A S 4 Ik e
Ji K (Pre-chirp Managed Divided—-Pulse Amplification, PCM-DPA) &G M6, E 15 B8 T A [A] f 7 8 B Al
Ay Bk R B T B A BURCES . BRI R A ROR B e 2 TR R Ik e R IS TR B [ B A
P MHGE AR5 I GDD 22 1 38 W i 25000 R B o (B A5 8 B A0 2 78 Al b o3 Bk b i X AR 1Y
MR ORI o 43 Wk oh s B 22 SR A T 0 ST S AR B 2 SRR B AR B 2 1, GDD 22 R i
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100 — :
90 AN i - N Moo == o S

© i .

\3‘ 70 /\\ T~ )

g sl / ~ ~

é //

B 50 -

2 40\/¥’/ T~ i

8

= w0 St

(=] § P — N

O 20 e R0 S . S
107 : (64

0 i i
05 1.0 1.5 20 2.5 30 35 40 45 50 55 6.0
Thickness of the first YVO,/mm

H15 PCM-DPARZARMESAE kR ERE —FARLBEEEN X R
Fig. 15 Combining efficiency versus thickness of the first YVO4 for different number of replicas in PCM-DPA system"”

0751415-12



PRI , 25 - 8 PG LT 06 b i Al Lotk Ik RO H AR CRe)

Zi L rk Az A 8 & R GDD 22 5 0 R B 52, H T C AT 19 4 Ik w3 26 M R O SR AEAE A LIS
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RIS, CHEN R % F 2021 4 & H 52 A LT 565 b M A9 ME A& g 8 P A [ 6 b 1180 SXUATT S5 ot 44k DA — s JE2 8 L
HEAT PR 42, BEAE 5 L1 43 JF F Ak o iy ] s ik i BT 28 5 19 GDD 22 sl /b AN i . DL LR 42 A AR
(YVO,) F 0w B B2 90 4K (e-BBO) 1], a4l 16 (a) Bz, 7R K 1.04 pm B, 1 mm JE B YVO, HE 45+ ik
phafi >k 748 fs B9 GD 22 5% A1 91.2 £s* /9 GDD 22 5 (B i £ ) , i bk vh &80 1 mm JE Y «-BBO W 23 77 A= 1Y
464 s 19 GD 2 A1 21.5 " GDD 22 5 (B P 204k ) o 38 b8 it — 3 W 63l [R] — 07 1) %) 5%, PR LR 45 f
A, B H o «-BBO M & KR BE 58 S YVO, 1 PUAS , A7 Sk B9 GDD 22 5 5 23 B AR BAME: o X T X Fh
AR T mm R E AR 221.6 s 19 GD 22 5,1 GDD 22 548 1.04 pm A9 9% K AR WAL A 1.04 fs°, 78 2 A
0.98~1.1 pm MY PR L BN W REORHFAE 2 1" LU (B B 2k ) o 38 2ok >R s b 52 6 XUEIT 5 b A4 A A ok ol g
GrENSE R A AR e /MBS A GDD 22 57 8 O/ 23 B S 5 Ik o 0 A AH [R] B4 Jok s B R 06 1 ) 8, DA T AR
PRI T 58 £ 1A RCR .
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(a) Wavelength-dependent GDD difference of 1-mm (b) Combining efficiency versus thickness of the first
YVO,, 0-BBO, and the composite plate composite plate for different number of replicas
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Fig. 16 Simulated results of the PCM~-DPA system based on composite birefringent plates
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Fig. 17  Simulated results of the PCM~-DPA based on 64 replicas
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Nonlinear Amplification Techniques for Ultrafast Fiber Lasers (Invited)
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Abstract: High-power and high—energy femtosecond fiber laser usually consists of a master oscillator
followed by a power amplifier. Nonlinear effects are the main factor restricting the amplified pulse energy.
Although traditional chirped pulse amplification can generate femtosecond pulses with an average power
of ~1 kW and a 1 mJ level pulse energy in a single large-mode-area Yb—-doped fiber, the obtained pulse
duration is limited to =200 fs. However, various applications require modest pulse energy (1~100 pJ) but
a much shorter pulse duration (<60 fs). Such applications include high-order harmonic generation based
on cavity enhancement technology to generate extreme ultra—violet pulses, multi-beam driven high—speed
nonlinear optical imaging, and wide—spectrum mid-infrared optical frequency comb based on intra—pulse
difference frequency generation, etc. This review paper focus on nonlinear pulse amplification techniques in
ultrafast fiber laser systems. In contrast to chirped pulse amplification that reduces the nonlinear phase shift
by broadening the pulse, the nonlinear amplification techniques maintain the amplified pulse duration in
picosecond level to accumulate large nonlinear phase shift, resulting in a substantial spectral broadening.
The amplified spectrum is several times wider than the input spectrum. The amplified pulse develops a
nearly linear chirp that can be compressed to <C60 fs in duration by a traditional grating pair. We describe
the working principles and state of the art of four nonlinear fiber amplification technologies developed for
Yb-doped fiber amplifiers: 1) self-similar parabolic pulse amplification, 2) pre—chirp managed
amplification, 3) gain managed amplification, and 4) nonlinear divided—pulse amplification.

In the self-similar amplification technique, the amplified pulse asymptotically evolves into a linearly
chirped parabolic similariton due to the interplay of positive dispersion, self-phase modulation and gain.
Such amplified pulse with linear chirp can be readily compressed by Treacy—type grating pair. The typical
gain—fiber length for a parabolic pulse amplifier is several meters to ensure that the initial pulse of any shape
can asymptotically develop a parabolic similariton. However, such long active fibers accumulate excessive
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nonlinear phase shift and leads to the onset of stimulated Raman scattering for pJ-level amplified pulse
energy. Finite gain bandwidth for a short active—fiber or strong nonlinear effects for a long active—fiber limit
further energy scaling. To overcome this bottleneck, this paper proposed a pre—chirp managed amplification
to deliver pJ-level ultrafast pulses using short active—fibers without evolving into the self-similar regime.
By finely pre—chirping the seeding pulse chirp prior to the nonlinear amplification, pre—chirp managed
amplification can control the nonlinear phase shift to generate high—quality compressed pulse. Because the
pre—chirp management adds one more degree of freedom, pre—chirp managed amplification has the
potential to deliver energetic few—cycle pulses with a broader spectrum compared with parabolic pulse
amplification. Recently proposed gain managed amplification technique allows generation of pJ-level
femtosecond pulses based on evolving gain spectrum in long active—fibers. By adjusting the pump power
and the Yb-doped fiber length, the gain managed amplifier can control the population inversion to optimize
the longitudinally evolving gain shaping, which provides sufficient nonlinear spectral broadening to generate
high—quality compressed femtosecond pulses.

Although the above nonlinear amplification techniques contribute a much shorter pulse duration, the
amplified pulse energy is much lower than that of an Yb—doped fiber chirped pulse amplification system.
The highest pulse energy delivered by a nonlinear Yb-doped fiber amplifier is ~2 pJ based on pre—chirp
managed amplification seeded by circularly polarized pulses. Further energy scaling is prevented by the
onset of self-focusing. Given that the amplified pulse duration is picosecond level, the maximum pulse
energy is limited to several micro—joules. Fortunately, nonlinear divided—pulse amplification offers an
efficient solution for the poor energy scalability: each pulse to be amplified is split into a sequence of
identical replicas. These replicas are temporally separated to reduce the peak power during the amplification
and are finally assembled into an intense pulse after the amplification. Thanks to the picosecond pulse
duration in the nonlinear amplification, birefringent plates can be employed to divide and recombine the
pulses. Divided—pulse nonlinear fiber amplifiers based on birefringent plates can avoid spatially splitting the
optical beam and thus create a compact system without any active stabilization. However, using
birefringent plates imposes considerable Group—Delay Dispersion (GDD) differences among pulse replicas.
The coherent combining efficiency drops quickly due to the accumulated GDD difference, which prevents
further energy scaling by increasing the number of pulse replicas. To mitigate this general limit involved in
nonlinear divided—pulse amplification, we propose to use composite birefringent plates to minimize the
GDD difference. As one of the nonlinear divided—pulse amplification schemes, our proposed PCM-DPA
technology based on composite plates is expected to deliver =100 pJ, <C50 fs pulses with >100 W
average power and >1 GW peak power. Furthermore, PCM-DPA combined with coherent beam
combining may produce ~1 mJ, <50 fs pulses with 1 MHz repetition rate and >1 kW average power.
Such kilowatt-level, high repetition rate and high—energy femtosecond laser sources hold great promise in
various fields such as basic science, laser processing and national defense, and certainly open a series of
new research fields.

Key words: Ultrafast fiber laser; Self-similar parabolic pulse amplification; Pre—chirp managed
amplification; Gain—-managed amplification; Pre—chirp managed divided—pulse amplification
OCIS Codes: 320.7090; 320.7140; 190.4370; 060.232
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