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(2016 4 4 A 26 HUF; 2016 4 7 A 14 HI R EMH )

HFIGET A B AR C MM A i B B R P BB AR e 2 WO 453 G 1 TR AN 58 12, DA S A 218
@B RUEUEB I BOR, LI T 2 pm BB RMAH N 611.5 MHz 1SR Bkt #oeHm . A %
HE R B BOCAE R T, 456 TIRGIIFTOCEAR, WHi 7 i LR A6 4 (R0 4544 B Ab kb 12
BB RS, 138 7 P304 203 W I Zdfidk BAP ik eb o, iaRiFOEEL >15 dB, SOkt
FEPEN 15 ps, AHRLIEOCIEAE D20 22 kW %45 ROy H AT E Pr 1 2 wm 35 BEA 62 25 1 A ik o o't 43 e

PR R R DA, N 2 25 pm BRI A P ALANEOG R AR AL T AT RE R iz .

KR JeLF oL, LUK, Yl B, e ket

PACS: 42.55.Wd, 42.60.—v, 42.60.Fc, 42.65.Re

15 =

B4R oF BOA BT I 8 AR B, WS
1.7—2.1 pm 9% B3 B A 0 ok d b I 20k B
B C LT WOk 38 W T3z B T OB BT AR
TR WO T IE R LLAME ST R A %
A =0l 5L pm B BB B LA WO A AR L,
B R R G YA S B AR 2 pm BB
(RO B BRI, 2 pm B BB LA B0
B TS B AR T H A T 20 4k BUsO s 38
TE AT B AR A A 1L

TEAEWIBR ST 0, 7K 53 F7E 2 pm B B B
AR SRR I, 5 D2 B AR AP O 28 T T
—RBEF AT O A g iR e, BAFARA

TGO P RO, 203 A IPERR AL
PR UL K = R B ey MR DU A5 2 I, K mT LA 2138
KN 465 nm BRI HOE, % BRI EROL AT {E
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G TG ARG AT A6 . FERLHF 7840
35, 2 pm BB WA T R K K B R G AT O
i AAE iz D6 U T O I P AU A e O
e, FX TR LLANBO ST &, K AT DA S
(BT FD O kg 71 eab, 2 wm i B U B Th
RELK B ARG EO s ds oy E ik s s, AT
25 pm B TR F LA K R AR B0
HATSEI 2 pom 3 BB AR B Ik 806 4 H R
AR F B AT B3P R4 M R4k
(nonlinear polarization evolution, NPE) @i, J
LRI SR B L AR ZE P TR 3R 4 (nonlinear am-
plifier loop mirror, NALM) 845, PARTFRATT XS
X e A 7 SR AT I FEANAA . W S AR [ T
YRR S L T AL HE 2 34K (semiconductor sat-
urable absorber mirror, SESAM). k44 K% (car-
bon nanotubes, CNT). f1 2/ (graphene) &A1
524 (grphene oxide) PL AR Z0AK (BioSes) 5.
WHE Y TS mE T A D B0k

* [E 5K AR ORI B 0T H (S 61527822) E K HARRIAIE G E A H (M-S 61235010). &K HAF
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iy, EERH ERYG DK (master oscillator
power amplifier, MOPA ) &5 14 >k X % Th % &8 52 ik
MR FIR AT DI M & UK.

BT LA, 2 pm U B e D 20 R K 5 4R
CPRHUOK ARG 3 7R . 2010 45, 78 [ U B
TG A H L ] FH WA K ik i J8CK (chirped pulse am-
plification, CPA) £ AR5 2| T FIIIHE A 5.7 W)
KR KB AR A O B U2 BORRF IR K
B A B G O Z S, A I B ik o i =
IKH] T 151 nd, B ETROR 2 5 IR 47 2] 1 258 fs.
2012 4F, AR RE T &1 V) 2 4 e 4 454 e #b
fik 5 5E 6 4T IR Th UK 88 1)) Pt
HI)ZN20.7 W, D)2 R R 42%,
FERK I TE N 18 ps, LKA 1962.7 nm. 2012
AR, S5 T B ELIA KR FH R BRKOTK i O R
SCHL T BRI RE RN 1w B ERD K B AR R £F UK
B 1A Bl IR I RN 60 MHz, ki 58 5N
150 fs, BEICL D HTIREE K 1 25/400 ym K
BOA T ARB LG L, E3AT Dh R BORAR Z 10, P 7
T Ak WA K AT iz A% G FE B T 160 ps, WOLE R
AR AMER] T 100 kHz. x5 40 UK O kb
FIFH XS 46 21 T 300 fs, AH N3O 618 3 2
15 3 MW. 2013 4F, 3% [ PolarOnyx 2 F] )18 1
SIS 36 WK CAD Bk 4548 e £ ok a4 191,
Tl -5 SESAM BB (1) f FH B 45 L AFWOL S, =
FAE Y 30.8 MHz, ki 5829 2.9 ps. &1t 24
B A RO EE UL KB R 46 2 S, TROR#E P
By TR A 2T 36 W, Bk 98 B8 790 fs. 2013
AR T A E PR BRI T H LR R A
L S5 R R ik P B AR e AR Ok 28 1O B S
H I 120.4 W, Bk 58 BN 16 ps, F0EK A
1965 nm. 2014 4, 5 [F HJS K 2% % H 25 [ 4his 4%
G730, VAR ARG T AR 2
FAA R T A ] T R AR O O S
FIAELR R RN, SETL T S FI & h 152 W IOk
MR, 4R 2 S B E DN 690 fs. i, %R
R 1) P PR Jk e TR AR A 2 M ik et . 4 A 111,
K H 2508 Kagome Y67 i A8 Y6 £FF A ik b 7 4 2%,
LT SFI DA 2 W, WEE D) 335 200 MW 1)
TP RK R R 4R 2 S R K e B T0 fs. Lk
Ab, ZIRE AR N AR 14 em KL FEERAE
A 108 pm FA S 6 A1 A Al 2 Ak ik o s 4 2 (1),

SEHL T KR T8 A 24 fs BB B R R, P Y S
HIhE R 24.6 W, WE(H D)% 24 MW. 4R, Fi&
[ VA D R B OGRS #R 7 2 [ 4hig
TG 7 R K ARG 7 S A O £F 1R 3 25 A
Jii D711 TR B O 28 TN 25 B 2 BR R L R %%
REE U B 5

AR SR TG A A B MM S 1 8 ik 45 o
25 1 45 B BB A O 2 WO 5 R G TS TR IR A0 ik o
i P, SEIL T2 o i B v B AR B R ik O
o . R FH A e B SR B K O A D T
TR, BT H LR ACE &R 451 A ik 45
BABOCHR R Gt e PR %8 203 W,
RTHE L > 15 dB, Bkyh % E 8 15 ps, P4
DR feidt— g M U2 IR T Kilig Dy 2.

2 ERKEHER

W AT R, 2R A AT A IR 45 14 2 7D
ik 45 45 6 41 B0 2% B SESAM # 3 8 A 17 #5 fik
MABEE LT IR ¥ B8 R0 = 2 4 AR 45 #3545 e 4T
R ZRH B DR AW 2 B0 2 IR 9 4 5 AT LA AT
3E 1 25 K AL 5101 T B v B AR RR T
2 T i 25 ULV, T M B i 6 g 120220
SEEG Y, 1550 nm i LE B G A WOG S AE iz
U8, OO ¥ R Th # 8 1 W, SESAM (¥ i il
R P2 8%, A M A1 W WL 45 R A 5%, Ak SN 1)
500 fs, YATE RN 20 pwI/em?; fR 4w XUEZE B4
J£F (Nufern PM-TDF-10P/130-HE) [ K: & 4 A
0.12 m, M5 EAA N 10.0 pm, BUHEFLAE N 0.15, N
BZEAA 130 um, FEFLIEN0.46. TRIRBEE
T 1R — i A5 A KK S ST 3 0 R A 016 21 A0 4% ' A
(FBG) 1E A9 ik v H o, FBG AR b0 i
K 1984.6 nm, EFFEL)30%, 3 dBGIG T v
793 nm. PR LE S G E ' IR DR e O 2 B S s L
TBEOCARG #8558 — BRI B L BUCR
I8, TR B AR R n A R4S 5. &
TR 545 G USRS T 5 B 4500 4T k% 4%
MRS MBI, HKERN3 m, 26
7793 nm AL E SRR L 4.7 dB/m. Hb
PN 793 nm (1 2 B FARBOL SR MO HZ
IR, AR TR N 12 W
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Fig. 1. (color online) Schematic setup of the all-polarization-maintaining picosecond thulium-doped all-fiber

laser. SESAM, semiconductor saturable absorber mirror; PM FBG, polarization-maintaining fiber Bragg

grating; PM WDM, 1550/2000 nm polarization-maintaining wavelength division multiplexer; PM MFA,

polarization-maintaining mode field adaptor.

TE 5 — R G — AR B 5RO DI TR
e, R T ORI KA 3 T AR UEL 2 15 4 G AT A
AN, R BEEOCLF K EE# A 4.5 m, 4F
SHAA25 um, FEALEHN0.09, HE)ZERN
400 pm, FEALAEN 0.45, Z3Y 2 HELFE 793 nm b
L Z i RIR N 2.4 dB/m. (£ G —H AR i3
FCA DR, W VE G 2F R i 1 s
D RO, A FRH I % N 55 W,
HO KN 793 nm, i BN 105/125 pm, &
JE M E AR (6 + 1) x 1438 & R8st i i
IZ T F Ty 300 W. CRA KA AL E 54206
LF50R 4 (6 + 1) x 1 & 0 284 Hh IR ToURG£F 1 v B
PFERZI0.2 dB. N T IR BECL DIFTBOR A
BRI, R KB T AU BB B T
FEH KA EN AT, AKIRORFFIE 10 °C A, R
M R TR B BAE A Ja 1 7 0.5 m &
DT DR O JC IR G 2T, At 3 T V) e 8° 4.

£ 1550 nm HELL B HG WO hig T R 4
9600 mW i, & 233 5 SESAM 5 545 1 750
2 MK S, G IRG SIT IR B2 1 H
BUBSHOL K . B 2 BT B R AR G 2
O kR S A, AT DUE BRSO
IR OIER A 611.5 MHz, 51348 Y647 IR a5 1 i
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KA &, WOGE R KT 65 dB, R HBIBUIRE
EwFaE. 21550 nm ELEBHCL LA H Th
FAT50 mW I, BAEELFIRY 2377 4£ 7 100 mW
P D E. B 3 R, SIS S OG I
HLL K N 1984.6 nm, 3 dB Y6EH 55 4 0.24 nm.
U SR HR 20 AM AR B (Thorlabs, LPMIR100) il
55 HBOG R AR T 6 EE KT 20 dB. #E 5 — 2R
45 8 A TUROR 28, Mg Th &9 17 Wi,
TR S RIE R T 4.5 W, K B H AL (Fem-
tochrome FR-103XL) I #5HOE ik 58 4 18 ps,
i O K S5 PR A AH LU G B AR L
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—40
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Fig. 2. (color online) RF spectrum of the SESAM
mode-locked PM fiber oscillator at 611.5 MHz.
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Fig. 3. (color online) Optical spectrum of the SESAM
mode-locked PM thulium-doped fiber oscillator and
first thulium-doped fiber preamplifier.
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Fig. 4. (color online) Average output power of the PM

thulium-doped fiber power amplifier with the increase

of incident pump power at 611.5 MHz repetition rate.

5 AR B R O AT Th R OK 2% i K
BTN N135 W, ZBOELF RS =4 T K&
73 Wi KI5 D AR R R AR N 53%.
Bl 4 BT N G — SRR 1B 6 47 D) R TR 281
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KA 2% T R B AhIE ThR LT R R . 4
iz TR INE] 300 Wi, 5 —F AR ImB4E L 4F
IR BOR A=A T 203 W P44 HH T, A0 R FIAR)
BEN50.7%, /N T H R ARMIB A D) Z I
REBBPIRIRPCR, FEBRTIRA RSB TR
RO, FEBEIA IR R Gl P D %
IS} I AR O AR O e > 15 dB. B 5 s NG
— AR B A AT D) 2RO R AN [F] - 35 i HH g 26
6, BT B ARG R SRV, 7R st )
A 200 W HHEOE 03 K8 1985 nm, 3 dB )6
B TN 2.3 nm, B T B ARG AR 1

W 5. 1B 6 BT T 2 D AR IO bk
B AR, MAHOLRKh 5208 15 ps, thTH
FARL I HIE L, BORJE RSOt ke 58 Kt B 52 21
IR # B VK 96 A BT B, A LRI BL T 23 0 22 kW
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Fig. 5. (color online) Optical spectrum of the thulium-

doped fiber power amplifier at different average power.
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Fig. 6. (color online) Autocorrelation trace of the final

PM thulium-doped fiber power amolifier.
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JEE R B Sh BB BO P 1 IR B B S A, fd
Ll (FBG) BARIKER N T K424 cm 2
Jei, WOk 611.5 MHz FEK3] 1 252.1 MHz.
Kl 7 B RBEROGET IR #s EE A% N 252.1 MHz
N 4 HH B0 Ik o ) S A AT R AT LUE ) TR
HAE B KT 68 dB, R HBOLBIBUIRES IR 12
. BRI IRG & B H IR N 60 mW A
F, HOEH DK N 1984.5 nm, 3 dBYGREN %A
0.26 nm.

10 T T T T
— 252.1 MHz, 80 W
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2 0.4
i
g
E 0.2

0 = 1 1 1 1 1 1 1 1 1 =
1980 1982 1984 1986 1988 1990

Wavelength/nm

8  (MTIR ) Rk 5 5% 2F h K 4% TAE1E
252.1 MHz W%t 6 1%

Fig. 8. (color online) Optical spectrum of thulium-
doped fiber power amplifier at 252.1 MHz.
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3 & ®

AR SCA FH 8 REG £ A i e MIHE 9 o' 35 8 35
weoAR ] SESAM SRS AR LA Ot a3 (K E i AR
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FEAFHAR, SEBLT 2 pm 3 By SR R R ik p
WOt . I 12 2 AR R R ik O AR
FIE, DL AR e 48 A A (R Y 45 38 T k2400
S, B T A AR IR A R R K b iR
2 EIRG DI TBOR S, 5 — DR TIOR3
P ThRIEE T 203 W, Bk 58 £~ 15 ps, iR
L >15 dB, F0UE KA 1985 nm. %45 R N H
AT B 1 2 o Y B 4 6 27368 40 ko % B e A=
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Abstract

High-power ultrafast fiber lasers are important sources for a number of applications including material processing,
pump source for optical parametric oscillator, and supercontinuum generation. Ultrafast thulium-doped fiber lasers,
which extend the wavelength range of fiber lasers from 1.8 to 2.1 um, have rapidly developed in the last several years and
the average output power of the ultrafast thulium-doped fiber amplifiers has reached a hundredwatt level. The broad
and smooth gain spectrum of thulium-doped fiber makes it a well-suited gain medium for generating the ultrashort
laser pulses and broad wavelength tunability. However, previous reports on ultrafast thulium-doped fiber lasers and
amplifiers were related to non-PM fiber configuration. These ultrafast thulium-doped fiber lasers and amplifiers may
suffer the environmental instability, which means that these fiber sources are sensitive to externally-induced changes,
like significant temperature variations and mechanical perturbations which will influence the fiber birefringence property.
An effective method to eliminate this environmental instability is to build an all-PM, thulium-doped all-fiber MOPA
configuration where the light polarizes only along the slow or fast axis in the PM fiber and PM-fiber components. Here,
we demonstrate a high-power all-polarization-maintaining picosecond thulium-doped all-fiber master-oscillator power-
amplifier (MOPA) system. The linearly-polarized thulium-doped all-fiber MOPA yields 203 W of average output power
at central wavelength of 1985 nm with a polarization extinction ratio of >15 dB. The pulse duration of 15 ps at 611.5
MHz repetition-rate results in a peak-power of 22 kW in the final thulium-doped fiber power amplifier. To the best of our
knowledge, this is the highest average output power ever reported for a picosecond-pulsed thulium-doped all-fiber laser
at 2 pym wavelength. Furthermore, high-power linearly-polarized thulium-doped fiber laser with compact and simple
design is greatly demanded for a variety of applications, such as coherent polarization beam combination, and frequency

conversion in nonlinear crystals.
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