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1 Tm3HELF A DG & S En R 1 frg).

F 1 25/400 ALJZ B TmdH A FOCT M Hl %S %
(1 scem = 1 mL/min)
Table 1. Fabrication parameters of the 25/400 double

clad Tm?**-doped silica fiber.

JELF i 24 Bl
GRS =TT / °C 1730
SiCl#EBHEFE /scem 100

AICl;/ TmCl3¥ AL b 1.8
R LA E] /h 2
TipeshiiLEE / °C 1700
BRESIREE /°C 2000

oA ] £ S8 UG, O T B S S IOSCR,
B HATES I T Z ki 5/ GH I, fEx HaR m k47
FATI GG, BT h 3 L TR 2 R, P
I8 BB AE 2000 °C DL L. R RS SR 2 B
T3 FOLLF R A& 1 i/ R TR, A
NI, BRI LF S EHAR N 24.75 pm, N2
- BE Sl 402.66 pm. K FGEF A3 HHAL (IFA-
100) A 25/400 8 Tm3HGLF (47 5 5 1 (5]
WA 1 BT, PR vhoc 5 M FG 32 2 iR
T AWE K v L), DIAREF ST B R s /N T
5.4 x 1074, Won H HEAR R A3 50 1 0624, 3l e X
AR A | IR DL A NI 1 S BT SR A
Ak, AT DL — 20 o8 3 A AT 5 23 3] 1 oo 1M1
A
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Fig. 1. Refractive index profile of the 25/400 double clad

Tm?*-doped silica fiber. Inset: image of the TDF cross section.

K 7 PR X 2 A AL (EPMA-8050G,
SHIMADZU Co., Ltd.) ¥4 Tm*J624F #1744
oA A3 I B 2L R A Rk, Wi 2 BroR,

HFRAEE R 0.2 um. WE 277 IFE 1, Tm3+Hl
AP R HITE B2 25 pm BLF R0 EI. XHEer
FE 12 BT IAR A8 TmyO5 A1 AL O, HIVE
FE R 2.6 wt% M1 1.01 wt%. 74k, R H#k bk
MAFZ 48 Tm A P 6L 19 )2 IR E 793 nm
fb 3 dB/m, FGEFH#FE /3 HT X (P104, Photon
Kinetics Inc.) I #57E 885 nm 4k 1Y £ J2 15 5t i1 #E
254 43 dB/km.
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Fig. 2. Distribution of Al and Tm in the 25/400 TDF.

K 3(a) HAIGEF45H) MOPA £ 40y AR S
B, AR IRG A AR5y PRt —
Xt 25 A i A% 6 Mt (fiber Bragg grating, FBG)
8 m ik A KB E Tm* LA n, Hi s
REHEHE (FBG 1) FFRo SUREHE (FBG 2) (it
O UK 1980 nm, H7E 1980 nm 4b i 2 5 &4y
R 99.6% Fl 10%, 3 dB #5543 %1~ 1.92 nm Al
1 nm. RH 3 MRS HEH, TAEKE N 793 nm
MZAE LD YRRz I, B i DIk 200 W.
iz —1 (6 + 1) x 1 AHAF (combinerl)
A B TP LG N2, SR AHZ B
A5 LD MR HIE, 4.0 /82 RS 200/
220 pum, NA 4 0.22. & T3 260 B A Fh
T, B TmPHOELF LA 6 cm B2 P48/ — He 2 fl
BRI K AR b, K IR EEREHIAE 17 °C, I H AR
i AR 9 2 0] B JC IR T R T 2 04T T B
B FIBRAL B, B FIBR X (29 10 em) 58 412 AE
AT R BRI A G E. BORGCR
FAXUa s 28, BT sz 5 S SiRG A AL
#—EH LD, 44~ LD nf LURMEZ) 110 W iz
R, Jl IER A (6 + 1) x 1 AR E
FH WA NAZ T, IE M A RAF (combiner 2)
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(a) LD@793 nm X3

— ———
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(b)

FBG 2 cps1 Port 1

LD@793 nm X 5
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5 =
i Output | @ | =
4 ol 7
. = R ]
Power meter Combiner 3 Combiner 2 i
Port 1 g

& 3
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(a) # Tm* 64T MOPA RELEME; (b) TR P K it s BIEl

Fig. 3. (a) Experimental setup of the all-fiber Tm-doped MOPA system; (b) the design diagram of water-cooling plate in

amplification stage.

MR ERCRE R 93%, Hh— A2 Bz i (port 1)
FHAR M 6T, ) a1 & 4% (combiner 3) F#H
BROER 94%. FARUERIIZE Yep 7850 i, $R AR
e 25, ORH T RIAER A 8 m L3R 25/400 XA
B4 TmPOLEHE I 6500 BT, TG &1 G R
Ui AT I RST B NA B 5 TEOGEF L. 76 RStk
s R H T — M2 RIBRES (CPS 2) LIuERR
)20, MCE R O OE R T R, LR A A
AR RSE N 25/400 pm, NA 2 0.1. 76 i H i
P T —BK L 3 mm Y10 8Tt
2F, VAR k= A= 3R B U X TR RO CET A,
W T — YU A T ULR S8 W 2R K2 B, 4544
K 3(b) fiR, TCE S Tm3 LK B a2k
SN, BT IR LS M, /NS h
6 cm, WORYH A FOCLT s I 2 A, U/
JCLF Y R BTSSR £, 6L 2 bt T
— B R T AW AL T Y B, SR GLF A8 B A AR
2, ARG Tm3OGLF k5 8T B i Fe il
HE b KR EE ML ORISR, 2R
FESCET /KSR IE T 5 B S AR LT B4R X I, g
A R IR R A K ELRHR K T (7
HARTE TR . B HOK R RAZA 29 1 em I T L,
# T G LF 58 2R FE K, KB IR E N
10 “C.

283 CPS 15 N5 F 7~ 1 RO 6D AR b
iz R N IE] 4 R, R e B
19 W, s e R R E B{E A5, FE il
1B CTIAR B, AR OGRS LY

hn, MHhissh RN 202 W I, ) KRk
91 W, X BYRPRECEA 49%, J6-I6R0E R 45%.
T4 H T R BT e v X g B4 1) D63 i
FES 1 ME SRR, H—IFic el 4 v, Fh v
VR Rk B B KR, YR A [RER 1.6 WL 6
T FIC SRR FH H AR 28 ] O 1% 4 A A
AQ6375B, KN 0.05 nm. fEEHIIRRGE T,
F N D) A RO S, B 5 R R
N 91 WEE X R 18, o R R
1980.89 nm, %t HOGEME A 28 dB, 3 dB i %
A5 75 pm, DCFPAE LS8 RO B4 H o] LUE T
P i N R S 4 11229,

100 10
® Output power
® Backward power

80 F —— Linear fit of output power 18 =
= =
Z P
= o
o s =
£ 60 6 3
o) [sh
= Y =0.49X 7.8 ]
3 4o} {4 g
& E

20 ° o A

° °e® Lo
0o ®ee® °°
0 o0 ®® L L L 0
0 50 100 150 200
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4 bt 2R S ) 1R B 2 TR i AR L

Fig. 4. Output power of oscillator and backward power

versus the incident pump power.

T V5 AR B AW iR T 25 E o 80 W,
KRG AMIZ IR A Bhi, Fh- IO e BN ok 2
JE U 2 5T W, X H AT O, Bl 6 iR 2B
T ELF R AR TR & port 1 AR [
Ty bt iz D) R i AL, iy BOE )R R A Y
i, AR A WA B DPR T REILA, s )R
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Fig. 5. Spectrum of the oscillator at output power of 91 W.
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= 400 )
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)0 200 4(.)0 6(.]0 860 100%
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6 T D)% K 1] D BE S DR iy A Ak

Fig. 6. Output power and backward power of amplifier

stage versus pump power.

979 W B}, $8 Tm® 45 i R 45 ) 26 35 5|
530 W, X R [ RFRECE A 50%, port 1 AL Wi 5
e R DB TR/ N 1 WL 75 B TR 4 500 W
I A A IS IR 7 R, O R SR IR —
B, O EME L 27 dB. OB 3 dB A
AT SEVPRETE, O 0.11 nm, R0 55— 75 T H0A
H 5 RGP ARG, R TR R EOUMHE S
ek YA s 53—y T, YL AR RN (A
DU TRATE AR R ) B )5 B N W T T 4
5, B SR G 2627, R T 19502000 nm
TE B PN RSO, AT W 2 B S Y [ R SR SR
U RSO, A& 7 R R R A
O RAZ R Tz D%, el A,
Wi T 48 Tm* OGR4 D% 100 W
(R B L (M), Gl 8 fiias, ISR M2 /)N
F 1.3, UiHi%#E Tm3 OB MOPA R4 HA &
M5 RE. H TR #5 CAF R FH R e i A 4%
Jide, BT A A T B R 48 I 2 (R 1Y
R EE A 1 em, FEESLLRZWIG K, Mi157E

—30
—30
L et TR R —40
—40 0.11 nm —50
—60
5 —70
< —50F 27 dB _30
E 1950 1970 1990
=
k7
g —60f
- v
E . AR
—80
19

1 1 1
80.0 1980.4 1980.8 1981.2 1981.6 1982.0
Wavelength/nm

B 7 8 TGO G5 1 D52 500 W IR 19 5 3%
Fig. 7. Spectrum of the Tm3*-doped fiber amplifier at out-
put power of 500 W.
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Fig. 8. Beam quality factor of the Tm-doped fiber amplifier
at 100 W.

SRR A3, X e YRS A i AR FH 2 ek 55 . 7 T
AR T, it i — POt er 5142, fe
fg i — 2D el R GE A G R  a

AR S SR FH AR A (MAG32 384 x 288,
Magnity Electronics Co., Ltd.) W£&ic 5% Tm**
LR, ek D30 530 Wi, Hid iy ifst B2
i 60 C, AASLIBHOCTI R i — L4 T, Xt
B Tm* LM PE B E CE . RAZ YR
G A IR CE R ICIR A = il R T A RaR T, S
Hb, ARSNGB B R RO ET,
EIEAEOGL B A SOt B S A IR OGET
AR BB A TR LS. (R TR RS 1O
Hl A, B, 42 TH8 TmORLF oG
DR A AL O AR R A S A R R L RAR
B Tm* L, BUNE 70, ez tr]
FFE. 2019 4F 19 228 i %% 1Y Ramirez-Martinez
25 130 JR 3 1Y SR ) MCVD 7 45 &S B 42 R
il & B T3 OEEr, HEOLRER T F) 72.4%.
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530 W all-fiber continuous-wave Tm-doped fiber laser”
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Abstract

In the past decades, thulium-doped fiber lasers (TDFLs) operating in an eye-safe range have attracted
considerable attention, for they have extensive applications such as LIDAR, free space communication, medical
diagnostics and pumping source for holmium-doped fiber laser or optical parameter oscillator. In this paper, we
report a high power all-fiberized TDFL based on main-oscillator power-amplifier (MOPA) configuration. The
preform is fabricated by the modified chemical vapor deposition method combined with solution doping
technique and drawn into a core/clad size of 25/400 pm. The numerical aperture of the TDF is 0.1. The
concentration of TmyO5 and Al,O5 are 2.6 wt% and 1.01 wt%, respectively, measured by an electron probe
micro-analyzer. The cladding absorption is 3 dB/m at 793 nm measured by cut-back method. The oscillator
consists of 8 m 25/400 TDF mentioned above and a pair of fiber Bragg gratings. The oscillator yields maximum
power of 91 W with pump power of 202 W and a 3 dB spectral bandwidth as narrow as 75 pm. In the amplifier
stage, the bi-directional pumping scheme is employed. The narrow linewidth seed with output power of 57 W is
scaled to 530 W through one-stage amplification, corresponding to a slope efficiency of 50%. The central
wavelength of the Tm-doped MOPA is 1980.89 nm and the linewidth is broadened to 0.11 nm at 530 W. The
measured M? factor at 100 W is less than 1.3. Neither obvious amplified spontaneous emission nor non-linear
effect is observed, and the output power is only limited by pump power. To the best of our knowledge, this is

the highest output power of TDF at present.

Keywords: fiber fabrication, fiber laser, high power Tm-doped amplifier
PACS: 42.55.Wd, 42.81.—, 42.81.Bm DOI: 10.7498 /aps.69.20200466
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