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MRAE FIRY R, 254 7% 18 SRS, SBS, SPM
HIXPM S5 2 RUR L KOG £ b i AL B i #E, A
22 i W A5 7 RE AN 5 U7 RE S R AR, AT LA RS S
J6 B BOLH S R A1 LK Stokes S B & HRIE 77
FE. oy, 7R (1) Fonshis et il R, KA
A AR AR FAL S 4R AE . SRS 2B SPM Il XPM
RS TR (2) FonE SoLMfE g iR, HESH
AR IR T AL P FE SBS RUM . SRS 24 M.« SPM
A XPM RN ; J7HE (3) 2o I [ A B Stokes J6 Y
e, A5 A AR IR R AL i 40 #E . SBS 2K
2 SPM AT XPM BUR; J5 2 (4) R 737 B A i

SBS-b Stokes (Ag)

==

Q

Input signal (Ag)

Passive fiber
SRS-f Stokes
(amplified signal: Ag)

Input pump (A;)

__-
= 7@ — WT —>
f SRS-b Stokes (Ag) "

Output pump (Ap)

(NSRS R AR VA=) ON T AP

Fig. 1. Schematic of narrowlinewidth nanosecond pulsed fiber Raman amplifier.

154202-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 154202

ody o 04,

p —_—
5. vy

1 2 -
= - §O‘Ap + 1§7prh(QR)|AR|2Ap

+ i [(1 - ;fR) Ayl + 2(1 - ng)

« (|As] + |AR|2>} 4, 1)

D AR DAR
9. T Pmg

1 ) .2 ~
= - iaAR +ik1AQ + lg’YRth(—QR)\ApFAR

+ivr [(1 - ;fR) |Ag|?

2
+ 2(1 - 3fR) (|Ag|* + IAPIQ)] Ar, (2)
0Agp 0Agp
~o: TPy

1 1
= — 5041413 + ik ArQ" +ivB Kl - 3fR) |Ag?

2
£2(1- 2 ) (AnP + 14| m )
0Q 0Q 1 ify .
vAi@z + T —§FBQ + @ARAB + f, (4)

rh, Ay, Ag M1 Ag 70 90 iz ot 556 )a
) A7 B K Stokes D6 IR IE; Q A7 B IR IE; fr
BN B OTH; By = 1/v; ( = p,R,B)A
B E R, o NI BIRE, hy R T 20 B 5
K b (t) B AR O A Qg 7099 4L 8 A
HINPARE; I & 75 S 28 Aege A RO 3 1HI
v; = now;/(cAetr) (j = p, R, B) NAELIEREL, ny
NARLAEIT S 25 va NFEHE; ke M ko N SBS S
E N W
wpYe {|Fp|?Fa

= e ®)

_ EoMpWpTe (|[Fp*Fa) (6)
2ecvn  {|Fal?) "’

Horr, e NHEBURAE G Fy (7 = p, A) WAL
oA, J7RE (4) h f 51 SBS MR AT, f 5 2
PAF R B2

K2

(f(z,1)) =0, (7)

(f(z ) f* (2, 1)) = N@d(z — 2 )o(t —t'),  (8)
_ 2kTopol's

NQ - viAeff s (9)

A, k NBERZE S W, Ty NIRE, po N5

3 BEHESTL

HUE A5 FHBUE 5 I0E N 1120 nm Y FRUUE
SO, IS BOE A 1064 nm (15 37 8 bk b ok,
HIEE =AM (10) AT HH5:

Poeax = 2(In2/m)Y2.7 /t,, (10)

K, Pocar WEMEINR, J Bk EE R, t, kb
iR (BCE A se). SUE D E A g A 2 22
Hin 1 pra).

R WKL 2O BUE U B A 24
Table 1. Parameters used in the numerical analysis of

pulsed fiber Raman amplifier.

24 HfH 24 HfH
Ap/nm 1064 k 1.38 x 10723
AR /nm 1120 I's 2.0552 x 108
Nelad-p 1.4496 Aggp/m? 9.4261 x 10—11
Ncore-p 1.4518 va/m-s™! 5897.4
Nelad-s 1.4490 Ve 0.902
Ncore-s 1.4512 na/m2-W-1 2.6 x 10720

a/dB-km~! 15 po/kgm~3 2210

AR R AT XU B AT BRI 38 22 73 BEVE R 7
REREAT SRAF, 017 502 A BK RO IR IR SRS 1, X6 LE
WEFERK IR 58 L G2 K EEAME SO D R G S HON TR
RAHEREAIFE.

3.1 Bt

WAE 5T HE N 20 mW, He4F K 100 m,
2 Kk TE 9 800 ns. WOBHKIMEA [FIHhIE T = T 1
I 3R P P 2 B, R EEELEE N/ H g B
Jt (input/output pump). HJ [F]$7 2 Stokes YAl J&
i) A7 LYK Stokes . M2 (a) FTLLE H, Mihiz i
FVEAA TN 2 155 W B, SRS 8N B AN 5, 1T 7]
$i7 2 Stokes JEHL 55, SBS RUM A KL, WK 2 (b)
JiR, SHna WOs A DI %y 390 W I, #i [F)$i
2 Stokes Ja A T2 A 354 W, ki 58 B 4 &
i3 T 29600 ns. TS ks (8] 54 1B )
Hm, BR GG SOIRI T2 % H s Bos
bk ok rpr SR LI B RN, A5 2R 58 145 5 R 15 5
B RUBUR, 255 1E AUk SBS &8, B % W 4%
B B 14 )5 104 HL Stokes ot BbAE, 1T RT
] 45 SO GHR L T 46 g ot o, A
FAE TS R LA R 5 7] H 2 Stokes .
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Fig. 2. Pulse shapes of the pulses in the amplifier: (a) When pump peak power is 155 W; (b) when pump

peak power is 390 W.
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Fig. 3. Frequency characteristic of forward Raman Stokes: (a) When pump peak power is 155 W; (b) when

pump peak power is 390 W.

AN T 4l 32 V4 By 2 T 1] B 2 Stokes B RDG
WP N P 3 BT, 2R B8 B AT 1747 2 Stokes )6
B [ 5 I T I R . X IR A 7E 47 2 Stokes s
ORISR, SPM 4277 42 5065 A R I AR 2R AR
#, B AT Stokes YEUEE DI AN, th SPM 5]
2 6 1 P2 B S N . I Rk O o A
T390 W I, i A 47 & Stokes Y64 3 dB 7 5
J&€ % 3295 26 MHz.

3.2 FkHATEERIS

WL N 100 m, FF I N 20 mW, 1T
3 IZ ik 58 9 800 A1 80 ns I, Fy H Hiz B B
] $7 2 Stokes Y& FlJ5 [7] 4 HL P Stokes 6 1) ik i B
2 B 38 ki e B /W (B T R 1 AR O, 45 SR
Blafiw. MWE 4 (a) aT LLE H, a0 13608 bk 5
800 ns, MMIZIE(E I FH LK T 150 W )5, Hi a4
2 Stokes A H BN B, B

[ =N

AP
E He X2

1E B VE(E DR B 32T, {55 60 i ik
MR IR BE 2 38 m. MHhis i E TR KT — il
J&, BUIAHE 2 Stokes e 5 Bl 45 fhZ WO BE &= 1 1Y
2 Ir LR, B A IS 0 D) 3R 1)t — D Y
I, BT AT R 47 2 Stokes DI K, 5 171 A BEIK
Stokes Y RE R BH Wi o, RARLk MK, BT
J A LI Stokes Yol 5y R 0T 6 5 48 1, SEbR
1) 75 28 58 B 2 OK A% B T AE7E A L Stokes Jt 2
JELE MK 2 BT TR K.
Wi 4 (b) Frow, 2440z ik 98 £ 9 80 ns i,
b ki 58 5 /N J5 SBS 1R kS, 16BN RE A
MELAR B I A7 LK Stokes Yo A9 AR MK i BH
SBS RUMAT R 7 A A, X EEE 4 (a) AE 4 (b)
T DA Y, ik R B AN 20 s ik ) SRS
EIZBEAE. s ik 58 v 800 180 ns i), Al A
Stokes ;35 & FE il i WA D) 22 20 KT 150 W If &
PR K S g B D3 IL 3] 300 W A
IS, T ) Stokes Y6 [ B 2 AN 780 4% (42 ik i = AH
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. BRAh, S ik TE R, BOR B R R B2 Stokes
I ik G R ER AT, PR AR OG R AT A6 T 2R
PR TE . SPM R XPM 25w Rk o 28 98 11 J2 9
5 kiR I 4R 28 T AIE A T R 2 IEM O, Rk
MR ) B 2 Stokes Y 19 28 T 75 13 Jik v 19 ik 5
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B4 fdi kel e ERE RN (a) KEE 800 ns;
(b) Jik%E 80 ns

Fig. 4. Output pulse energies as a function of the
(a) When pulse width is 800 ns;
(b) when pulse width is 80 ns.
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Fig. 5. Linewidth of forward Raman Stokes pulses

when the pump pulse widths are 800 and 80 ns.

800 1 80 ns I FA7ER K 2 57, HER T M Z R E
VEE THR 3T — 20 ok (K 5).
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b 132 fE & A2 A6 230 1] 4 (a) AL 6 s,
b PR BT, BT SRS A FH 3 E 5 e 4F K% IE
FI9%, ST KK, SRS BIEBRA%. M IE 4 (a) 7T
LA H, 264K 8 100 m B, AT A 47 2 Stokes
O B Ik o i B AE il is Bk P RE B DN 132 (IEfH Th
KON 155 W) I 29 4.2 uJ, 7RIS Bk b g & KT
196 pJ (WEME %230 W) f5 2K, N
EI6r LLE H, 64K N80 mivy, Hi A fz 2
Stokes J't 1) Jik B & 24 Hhizs Bk e 2 7] 9 132 pJ
WAL 1.6 pd, iz ik ae & KT 264 pJ (0§
EIIFE K310 W) G A4 BRI LK. XL 4 (a)
FIE 6387 LA H, 23008 D2 BT, Bk
(1) 6 2F W DASRAS B8 i 1) S 46 2030 21 o ik o e
M 332w, JEEFKE N 100 F180 m B (LR
I3 63.9% F148.2%. X KA 24 s I Ih %
—E N, WG, SRS TER At 5ss, il
1B R B TR A AR, B EURCK I R, 4
32 fg =L = 2 387 wJ, LR K E N 80 m i (1)L
PRI B T 62%. BLAh, L KRR, B
T SPM H1 XPM &8 AR 455, 78 28 5 (1 51 ml 4 =
Stokes J6 I T Fi2 T8 F2 BRI, i H 26 T8 ARG A0,
WK 7 fioR.
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Fig. 6. Output pulse energies as a function of the
pump energy when pulse width is 800 ns and passive
fiber length is 80 m.
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Fig. 7. Linewidth of the forward Raman Stokes pulses
when the fiber lengths are 100 and 80 m.
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Abstract

Narrow-linewidth nanosecond pulsed Raman fiber amplifiers possess many applications such as in nonlinear fre-
quency generation, remote sensing and quantum information. By considering nonlinear effects such as stimulated Ra-
man scattering (SRS), stimulated Brillouin scattering (SBS), self-phase modulation (SPM) and cross-phase modulation
(XPM), we build a nonlinear dynamical model of narrow-linewidth nanosecond pulsed Raman fiber amplifier. A nu-
merical simulation model is also built and the simulation is carried out based on the parallelizable bidirectional finite
difference time-domain method. The pulse evolution processes in time and spectral domain are simulated. The influences
of pump pulse width, fiber length and signal laser power are studied in detail. It is found that SRS peak power threshold
is not influenced by pump pulse width, however, pump pulse width will affect SBS threshold and output linewidth. When
the pump pulse width is 800 ns, tens of MHz narrow linewidth can be obtained, but the SBS occurs as the increasing
of pump energy, which limits the power scaling of the narrow-linewidth laser pulses. When the pump pulse width is
80 ns, the SBS is effectively suppressed and the peak power can be further increased, but the linewidth of output laser is
easily broadened to hundreds of MHz. The simulation results also show that lower SRS threshold and higher efficiency
can be obtained by using longer passive fiber, however, if shorter passive fiber is used, SPM and XPM can be weakened
and narrower linewidth can be obtained. We build an experimental setup to study the influence of fiber length. In our
experiment, a polarization-maintained passive fiber with a core diameter of 10 pm and core numerical aperture of 0.08 is
used as the Raman gain fiber. The signal laser is a 1120 nm single frequency continuous wave fiber laser with an average
power of 20 mW, and the pump laser is a 1064 nm pulsed laser with a pulse width of ~ 40 ns and repetition rate of
500 kHz. When the fiber lengths are 100 m and 80 m, the efficiencies of the pulsed Raman amplifier are, respectively,
51.5% and 38.2% at a pump power of 6.8 W. It can also be found that increasing signal power can increase the efficiency
of the amplifier, but it will reduce the SBS threshold at the same time. Therefore, in order to balance the different
nonlinear effects in the arrow-linewidth nanosecond pulsed Raman fiber amplifier, we should take laser power, linewidth
and efficiency into consideration, and choose the suitable system parameters such as pump pulse width, fiber length
and signal power. These analyses can serve as design guidelines for narrow-linewidth nanosecond pulsed fiber Raman

amplifiers.

Keywords: fiber lasers, Raman lasers, stimulated Raman scattering, stimulated Brillouin scattering

PACS: 42.55.Wd, 42.55.Ye, 42.65.Dr, 42.65.Es DOI: 10.7498 /aps.67.20172679

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61705265, 61705264), the China
Postdoctoral Science Foundation (Grant No. 2017M620070), and the National Key R&D Program of China (Grant Nos.
2017YFF0104603, 2016YFB0402204).

1 Corresponding author. E-mail: surongtao@126.com

154202-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20172679

	1引    言
	2理论模型
	Fig 1

	3数值仿真与讨论
	Table 1
	3.1 时频特性分析
	Fig 2
	Fig 3

	3.2 脉冲宽度的影响
	Fig 4
	Fig 5

	3.3 光纤长度的影响
	Fig 6
	Fig 7

	3.4 信号光功率的影响
	Fig 8


	4实验与讨论
	Fig 9
	Fig 10


	5结    论
	References
	Abstract

