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Single-Stage Fiber Raman Lasers for Pupming Fiber Raman Amplifiers

Zhang Minming Liu Deming Wang Ying Huang Dexiu
(Department of Optoelectronic Engineering, Huazhong University of Science and Technology, Wuhan 430074)

Abstract: The pumping source is the key technology of fiber Raman amplifiers applied in dense wavelength division
multiplexing systems. A compact 1342 nm Nd** : YVO, diode-pumped solid state laser (DPSSL) module pumped by
808 nm laser diodes is developed. A single-stage 1.4 um fiber Raman laser is constructed by pumping a single-stage
fiber Raman resonator based on fiber Bragg gratings with such 1342 nm diode-pumped solid-state laser module. The
threshold property, the optimized setup of the diode-pumped solid-state laser module and the design scheme of the
single-stage fiber Raman resonator are analyzed respectively. The diode-pumped solid-state laser module is presented
with the total laser power of 655 mW and the slope efficiency of 42.6% pumped by a 2 W 808 nm laser diode. The
light power conversion slope efficiency of the single-stage fiber Raman resonator achieves 75% and the total laser
power at 1425 nm, 1438 nm, 1455 nm and 1490 nm achieves 300 mW each. Finally, a broadband, flat-gain
distributed fiber Raman amplifier pumped by such lasers is presented.

Key words: nonlinear optics; stimulated Raman scattering; Nd** : YVO, solid-state laser; Raman resonator; fiber
Raman amplifier

5= HrH RTS8 RA EE R,

FEEF P8 K £ (FRA) 2 A 3 4 38 o% 8 2
FEEF AL 7 A 52 BOHE 2 U (SRS) Bk Rz 52 B 5t K
K. EREHESH R KR 4038 25 1 501 58 B 0%
g PR T 0 32 D6 B4 5 7T LATE JRA Db £ 22 Al
EEEY A WL HAOGE OR A R T 5
W R RGESE . PLEROK AR H AT E 3 TAE
TESCE R B FER O 1. 2~1. 6 pm 37 BUA BAH IO
TR A% » X F 8 5 5y 2 A (DWDM) #8 K B B %

* E R 863 B ARFIR L BEHRI(2002AA312282) W BIRE.,

B IR R B A A b 4% 0 B A0 8 5 i 4
1 T JBET DL B R AR R AR Z —, BEE
YE L Z WA Wtk , % i 2O AE 200~300 mW H iF
W14 pm BOELZRE (DB ) M H TR
FHBPRABFN ., BT REWRBEEAARE.
B HE RPN R B (BAE X B 51 P AAE A BRI 3
ek TR RH T e RN B, 1993 4F Dianov
S A Nd: YAG ot s s b4 el 7

EZE RS KEBIQ977~), B LA A PR RFE F TRAM LR A, EENFRRMECE 6% JuF R8s

H5¥EE 5% . E-mail: mmz@hust. edu. cn
o B . 2004-12-28; BB R H 8. 2005-06-09



12 8 EBIE. B TORE RSB E R B POLL B 2 RO 1635

TP B RS T HE 1. 24 pm W =R
(Stokes) 3 , ¥ 5 5 — B FRGCEF h B HOLAS [ i,
)G FOLE BB BOLSR R T HE R B, I T
BT IS 64 B S R AR AL R B iz B E b4
BOREEEH . AR, £ WK W] B4 18 K Y6 £F i 2 3
eI TR K 2% 8 06 VR T B T Ik i
B, B K I T WK S
R R B EOER E B RN AR B M ABEEN
WiEHFRZ—. FFER, — B h 8 BOEa F1E
32 VR A7 T 0 e AR, v O A X R R e
(RIN) BRAR 6 08 R I K R FREE

A% SCHEIR T — B B L # 1 Y EF L 2 RO B Y
WBEOLR, ZKEOER h — N ET NE* : YVO, &
fRI¥ 1342 nm ¥ O% = W & H 2 0 B &8Ok 2
(DPSSL) Fil—A B 4% 47 2 18 P 25 4 8, B A = i iy
R RENEREEMS R RS, P
AL B 1342 nm 0% RS HHE R EOESR R
Fi 2 W 808 nmi#t R B Hhiz , B K T RN
655 mW, RHR3 %K 42. 6% ; i B EOL 2 3 —4
FRER T B A A S0 B L A Clens 84
FEAR—&MPEERES. B EEB B
RAEE L UL K B8 B OGEF JR M X T3R8 TR
L4 pm¥PObE . BT ERBOLRRMNBET —
ANCHL RS A PR RS, P Bhie FF%
W2 AT 10 dB, 235 FIHE/NTF 1.1 dB, ks
EHUNF —3 dB, AW oA K HERE .

2 Nd&**T:YVO,BEEEEEMEr 2
% 1.4 pum LR 8 BOLES

2.1 EFN® :YVO,RUEHNEX_REHEE
B SRR R

Nd’* 8 2% ¥ #0O% T/E 9 52 B i 8o W
BB T E, NI 5 6E = £ 8B KNiE
£%,1.06 pm,1. 34 pm % 0. 914 pm,HH 1. 06 pm
AAEBRKHZEES XL, HEEEERKN AN,
Nd** [ IR I 9% 6T 2R FE A4 a6 I 47 X |
WEFFAF. 7 N B2 KL TEDFEE,
YAG @R YVO, &2 5 B2 A 52 A AL i 328 i
M. N&*:YVO, @ &M T Nd: YAG EF B
WP SRR T B K RO SR L BV S R
NGRS R HGE TR0 R B B BB

h YRR N R, R T R
BERIFET N YVO, 8 & 8806 — % & iz E

RBOBAR G, MR B EME 1 Fiw.,

Mirror 1 Copper Mirror 2 //f\\
holder |
LD\ Lens\ ra \
= A all . e — >
% L qg pavvo, C-ldns  SMF
&} i

Heat sink Heat sink

TEC

T

B 1 Nd*™* : YVO, Bt =% & l1a B ks 28
R SR 25 4 J 2
Fig. 1 Layout of the Nd®" : YVO, diode-pumped

solid-state laser module

BRI B N YVO, 5 &8 8 m oy
3.0 mmX3.0 mm, EE XN 5 0 mm, BLREKEN
1. 000 4R 3R I F-—F Ji LA AR A5 1o R B i) R AR
B, o —ANM 8% (Mirror 1) B 498 76 i R A 51 0
T8 » 55 — A% (Mirror 2) W48 #E— My i T T 4% |
B 1 XHERORE S H R 9850, Xt 1342 nm [ H
R 099. 9% s AL X 1342 nm G F K 92005 KW
il Nd®* : YVO, 3 25 B3R 1 1. 06 pm 3% 2085
PN EGEX B R MBS R KT 9600, Jymi/h i
ROE IR W] 5 8 (438 3 — A PR GE 2 28 4 P 22 2 A ]
B (TEO k. st - MEBR KMWmL RN
2 W5 J K 24 808. 5 nm, ¥ i 4> 55 (FWHM) 2K
1.5 nm iz & — M EREE EREN - HRY
A 400 pm WGBESSTEA SA

K 2 REK 50 mm B A R H3E 20 R T # 5 il
BOBIh R LR . Hrb =M T8 s il 20 N ST
28 0 M1 B 5 (B A i 4 U Xk 7 i 1L 5 S 3R 5 00 R
B, MEIHR]LUE H 5003 5T i R K BoA B 47

800

- T=5%
7004 - T=8%
o)
-
& 600 A
= P
= 500 AT
4 o A
é 400 //;A/
2,300 /2
E A
S 200 )
M
100
A‘ﬁ
0 —— .
0 05 1.0 L5 2.0

Pump power /W

B 2 1342 nm Nd*" : YVO, 356 o 2248 %t
808 nm 133 BOL I e dh &
Fig. 2 1342 nm Nd*" : YVO, laser output power versus

808 nm pump power



1636 Xt &4

1% 25 &

HBOH M RR . HBOGBIE Y 230 mW, Xt K [
REEKER 42. 6%, - MM REMB IR
1.2 W R 28K, K 33. 7%, 244k 35 oy 28 4k 45 1o
T, SOt A 1 % 7 e 380 3 B R PGB R AR N 1K 52
Wi T 2 PR . 7E 808 nm B IR K FHE K2 W
B, 1342 nm & K d BOL TR K 655 mW., fij i
BOLES — MR TR & Clens G HEA
JE—F WP 2B IR S, X C-lens ZER AN 1 BOLD)
RIEE N MG R X 8000 F.
i T 1032 I O 25 153 T S A W] Fon AT .
Pthzonhﬁ%g(wf,eri), D
B b AHE N TFRER 0. AR, o by Nd** +
YVO, Fifk FRERR T F .0 HIBRIEBRFE, 5 A
HEE TR 0 M w MBI EEREM
TEM,, B HZ.
TR AR AR W =R
AT
=7 .
Horpa, F1 AL 43 F#E KM NI YVO, #
R, T R G E S, g ARIRBE,

(2)

HERMMEBRRES, T =5%,,5 = 42.6%,
6. = 25 X 107" cm®,7 = 95 ps,A, = 808.5 nm,
AL = 1342 nm H w, &~ w, 2 0. 4 mm ¥ FRSERA
(D XL HAB RS HE YRR ER 183.9 mW,JE
T PR I B BT 2R 230 mW X R HhiE %
5 BB IE iR AT .
2.2 BZH1.4pmEFREBHAE

— Y 1. 4 pm JEEF R 2 WOEE R A 1100 nm
MB AR BOER B — 1 3~5 MK
PGB S IR AR5 3] 1. 4 pm OB T (N 3
Bi7R) . 1100 nm 3| 1. 4 pm B RHRHE— BN
30%0~40%., FEEMEHHRRRT, BT ®
SRS 8 LIRS 200 nm FE LS5,
Rl BPR RER R B T 2~4 R,

AR B EOER A 4 BiR. BHRA
1342 nm FE{RBOLCIE R HHE, BMBOLBR AT E
BRENSERBEITREFTEN 1. 4 pm BOLH
Ho RATATLURSEBARE 1. 4 pm F KB E BB
2.0 EB S HLAER T RE,

Germanic-silicate fiber

1100 nm
Yb?* DPSSL

1.4x10°1391 13101238 1174

e
1.4x10%1391 1310 1238 1174 1100

output
coupler

B3 ®ANSHNEERSE L 4 pm S D S BOLAR

Fig. 3 The common 1.4 pm fiber Raman laser with multi-stage cascaded Raman resonator

1842 nm DPSSI +H

Ht —t

HR FBG Raman fiber
@ 1.4x10° nm

FR FBG 1.4x10° nm output

@ 1.4x10* nm

B 4 1342 nm BOE B B ABOGSRNE WK 1. 4 um oA N B WOLS
Fig.4 Single stage 1.4 um fiber Raman laser pumped by 1342 nm DPSSL

B 5 AT ERGEIE — S 3 25 R POl
Lo ERMWILRRAGT , RASGELK LB #EILL
KT 1425 nm A1 1438 nm FO%, H BB &S
T 1455 nm A1 1490 nm 6. K% H 2R 5 5]
>4 336 mW.352 mW.318 mW #1 305 mW, &%
Ay BIH 80.7%.81.2%.76.2% F78.1%.,

DL 1425 nm BEFRL S BOE A B, HAELR B H#
HEEFK B 200 m, i 1 D6 £F S RO K B R
H80%., Bl 6 2ot ik, B 7 & 1342 nm K[F|
BT W R EORTI R & .. BotdHz BE
227 mW, g K K 336 mW, BH R HE R

———Germanic-silicate fiber
-------- Phospho-silicate fiber

Normalized Raman gain coefficient

0 15 30 45
Frequency shift /THz

SENERSANEVACR S ]

Fig.5 Normalized Raman gain coefficient profile



12 8 EBIE. B TORE RSB E R B POLL B 2 RO 1637

80. 7%, &£ %A 1.1 nm,

-50 ¢

Laser intensity /dBm

g0 KERNCHEN SREATI (1o 10
1100 1200 1300
Wavelength A /nm

B 6 1425 nm & i BO6GE

Fig. 6 Spectrum of the 1425 nm output laser

400

—— Simulation results
o Test data

300 A ]

4

| (e]
0
0 . f - T . T — .
0 200 400 600 800 1000
Pump power /mW

Output power /mW
=
(=)

p—
=]
<

B 7 1425 nm 86 3B AR 1342 nm
iz WO th £
Fig.7 The 1425 nm laser output power versus

the 1342 nm pump power

3 AP EBAHFELR

MAARSCERI R PO N RHOLAH FHET
—A CHL 4 70 KOG A B 8 Ok A, an i 8
P . i DL KRB 100 km, JEEF i #E

O+ L isols e
Signal input C+Lisolator CCC) Signal
g el prv e output

1.4x10°
signal WDM
1425 nm  1425/1438
WPC  1.4x10°nm!
(D isolator
1438/1455
WPC

Ge-doped Raman fiber
'

1342 nm|
DPSSL
1342 nim| (‘,

DPSSL

1438 nm,

(1) 1455 m

DPSSL Y

@ 1490 nm145571490 wPC

DPSSL X

P-doped Raman fiber
8 1.4 um LN EFOLHMZBER CHLWF
S ROCEF RS IR

Fig. 8 C+L band distributed fiber Raman amplifier pumped

by four 1.4 pm fiber Raman lasers

£ 1550 nm #bF 0. 23 dB/km, 7E 1455 nm 4b K
0.68 dB/km, i K #% % H Ja m #l iz 7 K. WA
1.4 podliE #OE 488 o = A HE A s —
srERBTEAL .

B 9 2 4 2 ith 4R AN SE RO 75 8 B (NFo)
2R Horp B AU A = AR T 2R 2 R S R
Hh 7 A RBOMR FE R B 4R 5 SRR AN R R ) 43 1 2 B
TR SRR AR, WARhiEReahL
SPOLA K L PR S B2 1425 nm, 1438 nm,
1455 nm F1 1490 nm, 3 = Th R 4 5 & 174 mW,
123 mW, 98 mW HI 155 mW, K258 FF L
423 KT 10 dB, 25 FHEE/NT 1.1 dB, 337 5E 3k
2] 90 nm, ZEQFEAH U TR M SR A ST K A
— AL 1 25 R PO LR LA b T TR 2 R A
VLS L 8 T 50 1Y 45 1 7 B A9 B TR B hr =
AL, ERMRKIMEMEL T, A HZLT
RSB HL S TT I 25 55 SCE AT LIS 6 W05, HAH
FHREETE 4% AN

12 1
%11 E L 0
~
510 4 F-1
% 5
59 2%
= -3
S8 . -3
ag - -~AAAAI\ MAAAA . f L4
1 “~\~- ANSAN AA'AAAAAA
=1 Seeal DA pand
© 6 " ~~~~~~~~ i -5
5 T T T T -6
1520 1540 1560 1580 1600 1620
Wavelength A /nm
B9 4 SRGEF DL 8 A% B L 2 38 23 3
A 2 7 8 B £

Fig. 9 Raman gain profiles and effective noise figure
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