) 18 ¥ 48 Acta Phys. Sin.

Vol. 65, No. 21 (2016) 214207

I FIURR BRI RO 2 M AR AR AR B
IR AT B B B & T8 YD+
LG

ey EAEV FEED BB KEAHD EH) AeE)
DHHY ARY HEBD

1) (M E AR R GRS B IROT T, ThE R A DA O B TSk s, B 201800)
2) (I E AR R I b OGS B TART ST, Bl 201800)

(2016 4E 6 7 4 HYE; 2016 4E 7 A 2 HUCEIE 2R )

SRR iR T AR R R e £ A6 2T BIUBERO L 85 K B AR L I R DAL S BURD L S B E

A7 0 VLR E (OS2 i AR

PR SR WA Kk b 1 B 7 A K o L IR A 1 8 O 2 BIURERS E M A
JE B RE FT IR UL K Al 2 i e 4 5 WA RK Dk 7k o' 1% i A

S5 SRS R ) B AR Bk pRsE AL I FE. BT

il A B LT A5 R KO ALK 5 YD2 O S LR R MO 2%, SR AR 2RV (e e et Rk ik o e B i B A 45 45 1) B

BEROR, SEHL T BOLA BT HL A B si s sg is 17, Mot st T 7 K r i ik

BT HLE A 3l

Be 77 B S E0T A M. AU KR A0 YR K 1052.9 nm, B 9E 9.1 nm, Bk AER 4.25 nJ, kP o

17.8 ps. 1247 6], %S Hpah /N T 0.3%. JEHLA JA 3 e/ ATl A MERNK B oR, WObE AT seBl—

), A B 5 S HOT B S AE 0.55% LA

#’E S

XA B Y3 ORABOLEE, RSB, 2ouet, e
PACS: 42.55.Wd, 42.60.Fc, 42.60.Lh, 42.65.-k

N
—u

=]

1 5

SEA A S ) 2 6 4F 5 Y3 T 48
BB 28 BT HARRUN, G s et B
X SRR LLRAE 1 pm B SR SRR
R L K v PR AR 1, 52 3 Y AME 2 B Y O
V. JUHAEBE L AR KA (inertial confinement
fusion, ICF) OB 2 B v, FIH & 4745 Y3+
TG A8 SE B 1053 nm. m= bk b AR L E R E 1
CIR R INEN=E-INE =i =R c 10 550 T oL (SR il
P, RILATIG R T B R — 2

H A 2 LR E 1 4 Y6 47 8 Y3 Ot 4R BB
Fe a3 B JE 28 1 IR e #% 24 (nonlinear polar-

DOTI: 10.7498/aps.65.214207

(3,4]

AT DR AL 5 (sat-
, NPE 5 SA K44 17, SA
55 W R ik 6 B 58 Y% (chirped pulse spectral filter-
ing, CPSF) #454 ¥, NPE 5 CPSF HigE& 011
R%*;&fﬁ‘%ﬁﬁ’]ﬁﬁ. SA LA BURO 35 i
ik e B — A 01 HLA7AE SA 1B {8l NPE
T BRI OGER i fm PR 12, RS 4 R
BB IK e, R DA B0ELTE 1 H oG, AR T ke
(R — P A R 4. ARG £ R 0 i FE AR Ak S L
BRSNS 7 BURR, BT DAR ME S B IO 2% 1A )
) A5 € IB AT MITHL—%58 H S 3 (A3 Hh pir T 52 21
“—HEE A3 B R OGS AR TN R R T fls
PR R 2 B, A 5 AT AR FAd R Y, OB AR T B AT
SCHLBURE). Kieu Al Wise ¥ T 2008 fE il i SA 5

ization evolution, NPE)

urable mirror, SA) >

* PR RS A 2 0 FIE K B AR RS (S 61205103) BT BITIURRE.

T #EVE#E. E-mail: smiles26@163.com
© 2016 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

214207-1



¥ I8 ZF R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 214207

CPSF &5 & 772X, SEil 1 K 7E 1030 nm.
Jik e & 9 3 nd MBI, HBOLRIEITILRZ
Joi, SAEH I TR %, M5, Michael %[
FI 3 53 2 A 48 (wavelength division multiplexer,
WDM) B 15 g8 AE 456 NPE SEHL T /O K
1040 nm FIBIUE A Y, ARG 9e 1 SA 7 R 1R 1k
o] AL (BB RCR AR, T2 T4 488 mW X
337 1.8 nJ ik RERE, HXTBOLE 1iEeT
FeoE . B shae /1 UL E shi 2 500] B 2 M5
NSV INET e

ALK NPE 42 45 Y3 T A A B 0oL 48
P I R L 22 S U I TR O R AT T B AR
L, BEISHF I T iz D2 RSP & R 2= 5
el K AR E s, 15 H T &N EOLEE NPE
B LS — 8 B B sh M e s T aiie. B
Wt 7 CPSFE /= A4 ik b B R M8 1 1] (pulse self-
amplitude modulation, PSAM) 5 NPE #H 45 & 1
DA RS E PR E S shie 1 HLEE; A4, T CPSF
456 NPE 52 I8R5 (17 47 35k R R0 fik o g 4 3o
KIS T T NPE O LUK NPE 5 CPSF A4S
HHUR I A6 Y3+ BUHOLES. 72 IR R
BB (group velocity dispersion, GVD) NPE ¥ &
Ji NI G 3 i 3 45 (spectral filter, SF) X B ik
PRREAT UG RS, 72 AR B PSAM, [R A 3m
T YB3 B 1030 nm 58K S IEXHEOE A 1053 nm
BB ATHIRZIE, 3215 T HOGAS 7E 1053 nm ()81
H G 3R g e v, [, #) 7 NPE it 3K
B FEC k>R, R T R kP RE . B
AR B O ST BE L K TR B kol e
EHEARENREN, BT, oK)
fH0.01 nm, H A% 2500 3 RMS {8 ¥ A it
0.3%. fEREJLH IR —EIF AL, BOLES
VIS B R s, HeiBimt s A A aEE
P A0 K RMS ME 0.01 nm; D63 55 RMS {8
0.55%; Wk 58 FEORFFANAL s K E & RMS {E0.1%.
BAER TR 2% 8 H T ICF BB IR 30 #5 5 vi R
S EANME.

2 EHEEFEREFEE

2.1 SEE

KRB WE R, B YD &R
Ji 3 B = 5 2R R L (R 979 nm 6 Y TR U

975 dB/m) 1 YB3+ Je4F ik Jo % FE B 2 (opti-
cal isolator, ISO). fE % i ¥ #% (in-line polarizer,
ILP). Ml R % il #8 (polarization controller,
PC) PC1#IPC2. SF. 980 nm/1053 nm WDM.
Wyt AL S AR . A SR B Mt R E
Bt 00 R AT 3 T 2 3 451 1 26 EF TR I,
FT DG ET 4 80 0 8 A s B ROG 2, L EAR N
6 pm. JHIZ VR A2 K N 980 nm Y A E L
8%, iz Y54 980 nm /1053 nm WDM # 4 #EA
Y3 A DN T A SR U N e, KGN Hh T
A (81 FE 3 35 6 2F 2 J5 Iy e b A B A IO 25
. ISO PRIE 1 3R 1) 5877 [m38 47, 4l A40FE
90.95 dB. PC1 M PC2 Ny =3 A f # 4% i 2%, H
KA kP I RIRZS . TLP FH SR S Bk fm 418 25
R FEMEE R, 255 G RAE LT b B AR 2 M i IR e
B, ¥ 5 s N 6 RAE SC R AR 2 AR A7 1 1) 4 A ik
TR AR R A, DT TS kA A PR T A R Wi
P D151 SF 3 3 5 i o 0 9% 1K 1053 nm, 3 3 4
% 10 nm, 1 2 Fros. BN SF £ LU L7
T AER: 1) fEIEH GVD A, kot b i 4 e o8
BRI AT SE X WE K b 247

% fRRER
fRRplss 15%; Sehae  RRERE
(PC1

980 nm

980 nm/1053 nm oo N
RO

Py Mg
1 BUEEOL R4 SR R =

Fig. 1. The schematic of the mode-locking fiber laser.
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Fig. 3. (color online) The evolution of the pulse and the pulse peak power in laser cavity and the output pulse shape with
different pumping power: (a) With pumping power of 200 mW; (b) with pumping power of 220 mW; (¢) with pumping
power of 240 mW; (d) with pumping power of 260 mW; (e) with pumping power of 290 mW. The first column is the pulse

evolution. The second column is the pulse peak power evolution. The third column is the output pulse shape.
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Fig. 4. (color online) The evolution of the pulse in laser cavity with different initial polarization: (al)-(a9) The

evolution of the pulse in laser cavity; (b1)—(b9) the evolution of pulse peak power; (c1)—(c9) the output pulse shape.
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Fig. 8. The evolution of the output spectrum of the mode-locked laser by NPE with operation time: (a) The initial

output spectrum; (b) output spectrum after 15 minutes operating; (c) output spectrum after 30 minutes operating;

(d) output spectrum after 45 minutes operating; (e) output spectrum after 60 minutes operating; (f) output spectrum

after 150 minutes operating.

w10 (a) fros, BB OB K IE N
1052.9 nm, %z RMS {4 0.02 nm (M3 A 66
A A I EORS FE 0.02 nm). W1 10 (b) fis, ik
P EME N 9.1 nm, B3 RMS{E N 0.03 nm, 5
S REH B 0.3%. W 10 () B, Hih R 71
5 36.1 mW, Bkz) RMS{E 4 0.02 mW, 1% &5 F3{E
f10.06%.

R B A OCACXT ik B8 FE AT BRI,
10(d) Fror. N T A8 I & ik v 1) 2 5 98 AN
ok e 5 BEE R E 1, 43 SR 150 ps 45148 Y B AN
50 ps FAHH 78 B ik B8 04T B, B AR GG RS
IR 150 ps B, W43 ki 58 BE 4R 604 17.8 ps, 1E

S B[] 9 AN e AR Bk 0. e i 50 ps H IS L, T
73 B Ik 3 58 B T 448 16.9 ps, ik 98 Bk 3 1 RMS
/8T 0.05 ps. W 11 (a) Fizr, 150 ps $13H 70
A DL 3 56 R (0 ko A DG il 2k, AR A H kot
i BE R LS AR, H 43 HE ZR AR SO OB B AR E
PERAAA. W 11 (b) Fiow, 50 ps FEVEFE A
B IR 2 HE R, MR T RMS 0.05 ps %8 & 3
By, AR T30 K B TR AL T X — 43 VE ] =
() B R AR BT, Bk e 3 268 JEG 0 20 ) 1 A DG B s
Al Re B0, BT LIS R ok o 96 FE 5 LS B B —
SE ZE 5. BT LASC H O 88 s 10 lkok BE B N1 N
17.8 ps, HEFIE RMS 5 0.05 ps.

214207-9



38 2 |  Acta Phys. Sin. Vol. 65, No. 21 (2016) 214207

80 S
o _(a) | 68.88 500: ns/div (b)
Z 60
£
,Eg 50 I
2 40 '
ol |
7 30 Pump I | Pump II |
& |
20
' |
10 ) N I T Y N v |
480 530 580 630 680 730 A !
HZHH R /mW
—20 1.0
() (d)
Experiment
0-8 G fi
” auss fit 1.414x 17.8 ps
—40 £
& £ 06
= 2
% L 04
=60 2
=l
0.2
—80 0 ,
1040 1050 1060 1070 —50 0 50
P /nm 1R8]/ ps

K9 (MTlE{) NPE 5 CPSF M4 & MBIEOL S MRS (a) TIhREEMZ R, (b) fi th ikt 7 51 1;
(c) Rt et (d) BUEkat B A< 2
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Abstract

Without discrete optical components influencing the fiber format, all-fiber mode-locked laser has tremendous poten-
tial practical applications due to its advantages of better stability, alignment free, and better compaction. All-fiber laser
mode-locked by nonlinear polarization evolution (NPE) can obtain good performances in terms of pulse duration and
spectrum. But the effective saturable absorption mirror can be overdriven at high peak power, which leads to multiple
pulses, limiting the output pulse energy. And there is a trade-off between avoiding overdriving the NPE and ease of
self-starting. In addition, the polarization of the pulse propagating in a long fiber is so sensitive to the environment
vibration that it is difficult to implement a stable lone-time operation.

All-fiber ring laser mode-locked by NPE alone is analyzed and realized. The simulation results show that even a
polarization vibration of 7/38 can break the mode-locking completely. Experimentally, after carefully adjusting, single-
pulse mode-locking is achieved with the spectrum centered at 1053.4 nm and a maximum pulse energy of 82 pJ. But the
output parameters change continually during operating. After 60 min, the mode-locking is broken. The conclusion is
obtained that instability and unreliability of self-starting are inevitable for such a laser.

Here, we show significant improvements of the pulse energy, operating stability, and self-starting reliability from an
all-fiber Yb-doped mode-locked fiber laser. The laser is mode-locked by NPE combined with chirped pulse spectral filter-
ing (CPSF). In order to easily self-start and stabilize mode locking, a spectral filter is employed in the all-normal group
velocity dispersion NPE cavity to provide additional amplitude modulation. Combined effects of NPE and CPSF result
in desirable pulse output, desirable operating stability, and reliable self-starting simultaneously. Stable mode-locking
centered at 1053 nm is achieved with a 3 dB spectral bandwidth of 9.1 nm and pulse duration of 17.8 ps. The average
output power is 66.9 mW at a repetition rate of 15.2 MHz, corresponding to a pulse energy of 4.25 nJ. Especially, high
operating stability and easily one-button self-starting are achieved simultaneously. The fluctuations of output parameters
including pulse energy, pulse duration, and spectrum are within 0.3% during 150-min operation. Self-starting reliability
is tested. The testing time lasts two weeks. During the two weeks, the laser is turned off and turned on 48 times by
using a power supplying button, without any adjustment. And the re-turned on intervals change randomly. Each time,
the mode-locking can start itself. The repeatabilities of output parameters including pulse energy, pulse duration, and

spectrum are within 0.55%.

Keywords: Yb3T doped fiber laser, self-started mode locking, all-fiber, stability
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