[ 49 % % 6m/202 % 3 A/REMHE

[E] = 25 pm/400 pm WOk i 6 27 % oh %
S0 4 kKW

IEN, BEE R, 4

CRERBDT BARDES TR,

BT, TRg

I B R RS T S S BB . IR K YD 410073
kb DR BOLHOR H R R, W K 4100735
TRREHOLR R BIR A AR E, WM KUY 410073

WE  JARGREL e M (CTFBG) 78 5 T R IELF o Z b 2 5 mdl b A T2 . 7E 25 pm/400 pm 6
2 B T AT R AZ 4. 35 kW BOETIE R CTEBG, X /& H 8 E N A2 48 1Y i = D3R K . CTEBG i A B FE /1
F 0.3 dB. YR T RIRTHL A 7.5 CIRTFREA N 1. 72 °C/kW, F W] H A 7&K 2 8 w06 R i fig

KA

FESFES  TN248 XERERIRED A

2 PR U (SRS 2 1l 29 = DI LA OE &R
GUPREFEBERNEZZ—, #HE R L. BN
S O Z R H SRS BT, ARSI O
EAR RN TR AN 2B - Bk 3 i rkd R I VD )< B i
TE VAR OE T LK SR DG LE S CLPFG) I Bk fii
FHELEM (CTFBG) ], LPFG AT DL w1 4% i 1Y
LT USR5 B T A 49 0 A 2 AR 5 g e A B
(6 B 2 B, AT LS B £F 8 SRS 72 4 1 Stokes
JEHIUE R . RS X TR XU 2R EF , — A
JUAM L LPFG LR h 5 5 B AR 5 w2
] RS A R G R . e, LPFG X 41 A
AN AR E F GO, HO % R M 2 A2 5 ), 1E T R
SRS il iy 5 S A 2 M. CTFBG Kt Al ) 1% fai A9
LEASER A B 1) 15 i A 2 A, 2R 2 R 1Y
RO AR 59 B O A BT R AR H /N . Ab,
CTFBG i il 5 v A7 (4 52 8 B ZARAR &, FT LU AL
A I OGBS AR M A BT SRS Y .
It A CTFBG #04] SRS AR5 B8 £ .

WOC s SLEFBOLAR s Z WAL BN 5 JLL LMl VAR BTR DL L L

doi: 10.3788/CJL202149.0615001

2017 4, E B RH K2 | K& T CTEFBG 11
HELF IO SRS RSB L 518 T E AN T %
FES L, 2019 4E A 2020 4F LT HUER TORZEFINE K
IR KA B CTFBG W& 2 T 42 F+ 5] T 1
R, 2021 AL b [E TR B EBE 5T e BE AR
25 pm/400 pm CTFBG H 7K %Z 3. 4 kW W36
U 2017 AR RIK , B R K 2R AR KA WAL J2
CTFBG Wil 5 F s DI 6L RO R 58 SRS Wil
PS5 T IF & T R i i A58 T AR 3 33 R W 1 1k %)
ST O /| A 17 = 1 N o T Rl T4
CTFBG"™ . i34, [ B B K 258 it F — 4 1k
JEM 2 S HORGR K T2 IR BT R R e e
Je H L 7E 25 pm /400 pm 12RO EF Bl & T ) K
% 4.35 kW Ot % ) CTFBG, X /& [ N 4 2 i’
B 25 M %K, CTFBG Mk RE B A7, 16 A #1146
<0.3 dB,IRFF R B N 1. 72 C/kW, £ HEE
R OGN RE 1 X T D RO O &R
4t SRS pym il A EEWE X,

YR EH . 2021-10-29; 1EE B HI. 2021-11-22; FABH.: 2021-11-29

HETH: BXARF¥ELST B E (11974427, 12004431), WA ARB 2 E LRI HFERN 2L L HH
(2019JJ20023) | 1 &g 24 BRHE A H AT T80 B 32 81038 40 22 A 430 3 (2021RC4027) | Bk D R FOLH A B R B LB = FE 5
43 H (SKL2020ZR05, SKL2021ZR01) . #7524 WF 55 A BHF 18 5 H (CX20200046)

BEIE1EE: “gfkdqy@163. com; “zefengwang nudt@163. com

0615001-1



CTFBG R F 28 4O in AH A7 45 454 1) J7 1%
205 B 1 AR A fE e . AT LUE 2 s
W29 1133.5 nm,3 dBAF TR AN 7 nm, .0 %
Kb P8 BRER B =>20 dB, FRATAATHE TE 2 fr
NI FE R G R A R 5L, I X CTFBG #47
W, AR a TG K R 1080 nm, R AT 981 nm
R 2 5 A 30O B i is i o 2 AT O KR,
CTFBG % T J&5 17 A3 & o 2% i e 28 56 )26 8
k2% Z 1]

M & R PR LA 1) — & & Y3260
FR T T 25 pm/400 pm 1B OE LR A
FRERIEC 981 nm 1Y 2P T AR S IR, OF R4k T 3 25
JELF KB L R AE 4 kW T A% S B BE A 00 31 37
LS U DA RO AR E RN T A AR S
HNHAT T CTEBG B ) 38K 32 8 1 F RS 7k Y )
W (CTFBG *f SRS % #l i 78 Z 1 #9675 b & &45%
FIFE R RAE S TR RS R A 3
Fiam. MW 3 Ca) T LLE 2, 4 & K A TR R
4348 WHI , CTFBG i H} o I 75 /) T %l 4158 W

981 nm LDs

20 um/400 YDF
976 mm LD " g

1

|

1

1

1

1

|

1

1

l .
. |
combiner 1
1

]

|

1

1

1

1

1

1

)

HR LR (6+1)x1

I combiner

LD: laser diode

HR: high reflection
LR: low reflection
YDEF: Yb-doped fiber
CTFBG: chirped and tilted fiber Bragg grating

25 um/400 pm YDF

F£49% 56 H1/2022 £ 3 A/HERH

0p 40
-3} -5
g 6t -10
> g
:‘E‘ -9t 1-15 }
g 12t -20 £
= 3]
£-15} 1-25 &
<5}
& _18l 1-30 &=
91| 1-35
_94 IS Py ol ':':"'_40
1110 1120 1130 1140 1150
Wavelength /nm

K1 HBF 25 pum/400 um CTFBG Y 1% i i M 4 45
Fig. 1 Measured transmission spectra of home-made
25 pum/400 pm CTFBG

A7 F f 0 S5 IR BT R, A B RE N T
0.3 dB., MEF A 5 5 L BE Sl 27,5 °C LT R B
2K 1.72 C/kW, 4348 W g [ N 4b it 38
CTFBG f &K Z %, 24 CTFBG i it o 2 R 2
94105 W HE, HEAT T 10 min A9 R @ v, 25 1
WE 3 FrR WA BAE T CTEBG # & R iz 47
FREE .,

981 nm LDs

(6+1)x1 CTFBG  cladding  end cap
combiner pump
stripper

B 2 T EIRG YRR E CTFBG Mk & 48

Fig. 2 Measurement system for CTFBG based on master oscillator power amplifier

5000
@) —=— with 4348 W
5 |
E 40008 —*— without ;:}5
5 / 4158 W
g 3000 - 275 C
[}
& 2000
k
1000
0 L

Current /A

(®) 4150

4125
4100 MYV ANV Sy A

4075
4050

Laser power /W

4025

4000 ' : ) :
0 120 240 360 480 600

Time /s

Kl 3 CTFBG MsEER 4. ()3 A CTFBG HiJG Wi i 21 K CTFBG PRI 5 (b) =i D 3K F T #4823 B i 1)
A2 1
Fig. 3 Experimental results of CTFBG. (a) Output power with or without CTFBG and thermal image of CTFBG;

(b) output power versus time under high power level

0615001-2



B|A49E £ 6 H1/2022 £ 3 B/RE

ARSCARIE T NS R 2 R OKF B CTEBG.,

HABFE/NT 0.3 dB. BT REALH 1. 72 °C/kW,
ST ORT A4 kW R RRE AR X T HE B [ e
% CTFBG B L i — 20 82 TR 4 Ot & 48 09 i
DA E R X, [ H T RO Ot
i I g, AT RGN R B AT R S X T R TR
AR ORI A AR KRR #E1E . J5 22, 3R AT

K e

MR E b Hl 45 CTFBG, #F — 5 dir i

] A T2 38 A o G R ) TR A AR A 35
FE o il HCAE [ 8 D AL LT MOt R 58 vh R # T B
B mER .

(1]

(2]

(3]

(4]

(5]

(6]

Z % x Wt

Wang Y, Xu C Q, Po H. Analysis of Raman and
thermal effects in kilowatt fiber lasers [J]. Optics
Communications, 2004, 242(4/5/6): 487-502.
Zenteno L, Wang J, Walton D, et al. Suppression of
single-transverse-mode dual-hole-
assisted fiber [J]. Optics Express, 2005, 13(22):
8921-8926.

Raman gain in

Kim J, Dupriez P, Codemard C, et al. Suppression
of stimulated Raman scattering in a high power Yb-
doped fiber amplifier using a W-type core with
fundamental mode cut-off[J]. Optics Express, 2006,
14(12): 5103-5113.

Jiao K R, Shen H, Guan Z W,

stimulated Raman scattering in kW-level continuous-

et al. Suppressing
wave MOPA fiber laser based on long-period fiber
gratings[J]. Optics Express, 2020, 28(5): 6048-6063.
Wang M, Zhang Y J, Wang Z F, et al. Fabrication
tilted fiber
suppression of stimulated Raman scattering in fiber
amplifiers[J]. Optics Express, 2017, 25(2): 1529-
1534.

Wang M, Liu L, Wang Z F, et al. Mitigation of

of chirped and Bragg gratings and

stimulated Raman scattering in kilowatt-level diode-

7]

(8]

(9]

[10]

[11]

[12]

[13]

0615001-3

pumped fiber amplifiers with chirped and tilted fiber
Bragg gratings [J]. High Power Laser Science and
Engineering, 2019, 7(1): 132-137.

Wang M, Wang Z F, Liu L, et al. Effective
suppression of stimulated Raman scattering in half
10 kW tandem pumping fiber lasers using chirped and
tilted fiber Bragg gratings[J]. Photonics Research,
2019, 7(2): 167-171.

Tian X, Zhao X F, Wang M, et al. Influence of
Bragg reflection of chirped tilted fiber Bragg grating
on Raman suppression in high-power tandem
pumping fiber amplifiers[J]. Optics Express, 2020,
28(13): 19508-19517.

Jiao K R, Shu J, Shen H, et al. Fabrication of kW-
level chirped and tilted fiber Bragg gratings and
filtering of stimulated Raman scattering in high-
power CW oscillators[J]. High Power Laser Science
and Engineering, 2019, 7: e31.

Lin W, Desjardins-Carriere M, Sévigny B, et al.
Raman suppression within the gain fiber of high-
power fiber lasers [J]. Applied Optics, 2020, 59
(31): 9660-9666.

Song H Q, Yan D L, Wu W ], et al.
suppression in  multi-kW fiber
multiplexed CTFBG [J]. Optics Express, 2021, 29
(13): 20535-20544.

Zhao X F, Tian X, Wang M, et al. Fabrication of

2 kW-level chirped and tilted fiber Bragg gratings and

SRS

lasers with a

mitigating stimulated Raman scattering in long-
distance delivery of high-power fiber laser [J].
Photonics, 2021, 8(9): 369.

LiFY, LiY, Song HQ, etal. National optical fiber
material devices achieve high SRS suppression ratio of
20.88 kW output [J]. Chinese Journal of Lasers,
2021, 48(21): 2116002.

ez, BN, REH, & 2EGE MR85
BLE SRS #1il He 20. 88 kW i i (1. v Ok,
2021, 48(21): 2116002.



R i S 49% &6 H1/2022 &£ 3 A/HERN

Transmission Power of Homemade Chirped and
Tilted Fiber Bragg Grating on 25 pm/400 pm Fiber Exceeding 4 kW

Wang Meng"**, Tian Xin"’, Zhao Xiaofan"®, Ye Yun ", Rao Binyu"?, Xi Xiaoming"*”’,

Wang Xiaolin"”*, Chen Zilun"**, Wang Zefeng %%
" College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha,
Hunan 410073, China;
* State Key Laboratory of Pulsed Power Laser Technology, Changsha, Hunan 410073, China;
* Hunan Provincial Key Laboratory of High Energy Laser Technology, Changsha, Hunan 410073, China

Abstract

Objective Stimulated Raman scattering effect (SRS) is one of the major restrictions upon the further improvement
of output power in fiber laser systems. So far, many methods have been explored for SRS suppression in fiber laser
systems, such as enlarging the fiber effective mode area, the application of spectrally selective fibers, and using
lumped spectral filters. The usage of a chirped and tilted fiber Bragg grating (CTFBG) has attracted much attention
in recent years due to its all-fiber structure, flexible design, and good stability. A CTFBG can couple the forward
core modes to the backward-propagating cladding mode. Based on the reasonable design of a CTFBG, the Stokes light
of the core can be first coupled to the cladding and then leaks into the air, and thus the SRS filtering and suppression
are realized. In 2017, the groups from National University of Defense and Technology have proposed and applied a
CTFBG to suppress SRS for the first time. Up to now, a kW-level CTFBG with a low loss and a high rejection ratio
has been realized and applied. However, it is still unable to meet the needs of a high-power fiber laser system in
these years. Therefore, the development of CTFBGs with the ability to handle a higher power laser is an imminent
necessity.

Methods The CTFBG used in our experiment is fabricated with the ultraviolet laser phase mask method. The
double cladding fiber with a core/cladding size of 25 pm/400 pm is utilized. The CTFBG had a filtering depth of
=20 dB, a center wavelength of 1133.5 nm, and a 3 dB bandwidth of 7 nm (Fig. 1). The stability of the CTFBG is
tested at the output of a master oscillator power amplification (MOPA) fiber laser system.

Results and Discussions The CTFBG supports the maximum signal laser power of 4.35 kW with an insertion loss
of less than 0.3 dB. With the CTFBG working, a mere temperature rise of 7.5 C upon the CTFBG device is
recorded at the maximal output (Fig. 3(a)). The output power is very stable during a burn-in test of 10 min at the
maximum output power (Fig. 3 (b)), which indicates the CTFBG can work stably and satisfy the application

requirements in a high power fiber laser system.

Conclusions This paper reports the CTFBG with the ability to support the highest power laser at home and abroad.
The CTFBG on 25 pm/400 pm fiber supports the more than 4 kW laser power with an insertion loss of less than
0.3 dB and a high thermal handling capacity (~1.72 C/kW). It is of great significance to promote the development
of domestic high-power CTFBGs and expand their applications in high power fiber laser systems.
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