® 435 F 17 8/2023 F£9 B/RFFHR

R IE XX

K EHRIK

JE T RBBIOE 2GS 14 w5 S R WAk it e 27 e il

Hﬁ 1.2, ’%:\ %% 1,2,3, E}%% 1,2,3**’ F/{F\/»Lj\ i 1,2,3

E PR SR S SRR A B, IR KD 4100735
CEB R R AE R 2 OGS R, W K 410073
B A R e REWOL BRI A S, W KR 410073

TEE WAL M (CTFBG) J& i B 30 27 30 rb 30 ] 32 0P 2 B (SRS) (A% 0 3% 1, W L iy #0155 F 9 i
Sto SR, AL G0 R AN O 48 19 CTFBG ME LR 32 45 i B 38 BRI T H % e 5 0 o A SO TRORD SO 1) AR 057 eSS A 3
7 20/400 pm KB B4 26 EF h A S ZE T JGEF A hi ks G (FBG) X 5 CTFBG. fii H FBG X #5 8 T = D) 26 47 4k
Vits 1 CTEBG & TR 45 1SR IS I SRS, 25 3R W], CTFBG I KRZ D1 %0y 2. 8 kW, die KA & il Lb ol ~
13 dB i /N T 2% , D\ 2 BN 7.8 C/kW.o ARCRIE T CAMOEZE 1) CTFBG HA 5 i D R Z 68 )1 il

— A R D RO MO BRI K .

K@ CHHEOE: DLEEOGAS s MBS W e UM WABTRDE L G

FESES TN248 XHEFRER A

1 51 5

B FOLL HOG RS BA 454 SRR E AR
e DG P R E SRS FE Tl T A
Py AT H A R N A . BEE YRR
WO DR AW 5, 2 3 2 U (SRS) 44
RERN R T AR T BN R . HarE
BA LR ILR O 2 0 T s RO R &b
SRS, B 45 3 KOG LR 1w B 6% e BB L
K JE 6 25 56 M (LPFG)™ ™ 5§ W8 Wk i 2 6 2F % it
(CTFBG) ""MENJETENE B A% . 5HATIEM L,
i LPFG 5 CTFBG #l ] SRS HA il /F 75 {8 452 4F
HR P, Z B AR S R . SR, LPFG X
TELRE IV 7 A AR TR R A UK G R A R R
SE LM IR R AUR . CTFBG M B A 0 4 (1 G 1k fa
PE, H TS 8T T 8T B G0 £ OG0
SRS, I H P s 80 17 @b Ak, M E vy A o 1 5 F
AT R . E5 M CTEBG il 5 7 ¥ 2 84N BOE M 7
BRI 7 20 5 A AT R B AT AT 3k A S B kb
o XA B CTFBG Wil £ A A&, JF H 2438 k
Aib R AY) JE B, G R R B B &4 AR R A Y 2
W T O & BT, AT BR ) CTEBG Y 2 K 2 fE 77 .
R, R 22 50 E B2 K CTEBG I A G LT HOR 28 1y

DOI: 10.3788/A05230946

PP 5 R Gz [ B0 i) SRS xfi UK H: v FH 78
GG A RENETERZREI RN,
Hiif CTEBG H i H7E e i 2. 03 kW I OG LT iR 35 5 18
PRIE I SRS X TEEERRH T CTFBG B 5 &
B, TSR CTEBG, M58 A B T MR
K7 IET oy A NS B AR LA K A R v 2 e
Bk 3 CTFBG WY TR I T RE T, AT §2 5 L Ty
HKAZRE T) o R, X e IR R OR R B i T T =R
CTFBG Wil s 88 T 2B R BEME T A . BHEr
1k ZIE TE 25/400 pm KB G 4R 19 5 2% CTFBG
R4 T R B 2 4 kW 2 5 78 315 4% 20 /400 pm KA
Yot b T 2R CTEBG 77 &, Hi I %K 2 g )
FeAR— MR 3 kW g,

B & CEMOGZ S AR Y & J e SR Bk s TR
CTFBG #2415 i BB . AP SEOL XTG£ St ok
AR T LG T A RGE KA B X BE 4 6 Tt
LA PR C (FBG) B il 8 54, ik e 73R ACRBIIR
Sl MWL A BLAh, CRMEOEZ S B FBG 8 A
T = ek A O A5, e O 5 1 AR B 3R T LA A
PELATDAE il AR TAE . BHRT, T RO S
M FBG XS T i UrR e b ot e i
Ky o Rk F) 8 kW IE W] T K AP IOL 2 5 Y
FBG BAT RIF DI RIRZEE . 8, AR RS Ik

i BEHEE: 2023-05-08; fEEIHHEE: 2023-06-04; FABHI: 2023-06-16; MEHEZBH: 2023-07-31
EEWMB HE A RPIFIS (11974427,12004431) 76 24 BHELQUHT TR (2021RC4027) ik v 97 0645 R [ R B S0 R =

i H (SKL2020ZR05,SKL2021ZR01)

BIEEE . gfkdqy@163. com; “zefengwang_nudt@163. com

1714007-1


https://dx.doi.org/10.3788/AOS230946
mailto:E-mail:gfkdqy@163.com
mailto:E-mail:zefengwang_nudt@163.com

58818 3L

F43%5 F 17H/2023 £ 9 B/ RFFR

Wl TRT CHEOLZ S/ CTFBG ™, I 1 7 T
FU A OC LR WO B s AT HL 2 g BRI AR
MM, RENEOEZI S 19 CTFBG 1 oK b FTE G 47 9R 7 2% 14
R IE NI SRS, JF B HIh 3R Z RE Sy ws 2t — P
5%

AR SCHEF TRAD PO 7 HE A AR AE 20/400 pm K
B AL JZE 28 v 4 W 215 T FBG X5 CTFBG.
FBG %89 Fr.0 3 K 1080 nm, CTFBG s L ik Ky
1133 nm, X} i 1080 nm 15 5 6= £ R = ik K o il
I FBG X T M UL 4 R 7 4%, 07 B CTFBG 46
AR 7w 003 IR i YA SRS, 37 35 2% 14 d 2 RN
2678 W = 2 2811 W, i M+ M 1. 54 14k
% 1.43, CTFBG fiz K2 il bk ~13 dB, i i /7
F 2%, HAERR RN TR RBTRE N T7.8°C/kW,
e /N F R S A S T ISR AMOEZI S (1) CTFBG I
RRTERE LR R RN, CRHOLZE K CTFBG
BA R4 #KZ 68 15 SRS IHIROR .

2 TRARLG

2.1 FBG # CTFBG K%l &
Fe F AL LG A L AR M 43 i) 4 T FBG X

@ —-— transmission
0 | — reflection == 5
= .

2 i / -
< '| 4 9
g-10} ! 1-5 3
7 E

N Q
% '1 i\ | é
g-20f gL -15 8
= TN ~

TN
W

1076 1078 1080 1082 1084
Wavelength /nm

5 CTFBG, Z1 5 %% & 5 3C#k [ 26, 28 ] LA A/ ] o
6 R i D% K R 515 nm (9 HE KRR O, RO
o3t B AR B IR, IR A SR T A A0 2 W R R A7
B, e & R4 T A5 215 19 20/400 pm K53 WAL
|2 S T I L S 8 7 S 15 N Y 1
R HEARENGF P2 5 FBG 8 CTFBG.
1 Ca) F1 1 (b) 43 5 & 7s 7 I & 15 2 1) & X FBG
(HRFBG) 5 ik )& FBG (LRFBG) J% 1% , W # % v .0
B K # o 1080 nm., HRFBG 1Y i3 4 % % K T
20 dB, & T K F 99% , & FF 1% (9 3 dB T 4 K
3.6 nm. LRFBG 1Y% SR E 290 0.5 dB, J %
AN 10% , B 3 dB AT SE 2 A 1.2 nm. i &
215 () CTEBG G ik an 14 2 frs |, 78 20 5 o &
R TR 215 R KK CTFBG Y 1% 5 3% 1l
9. CTFBG 135 53 45 %6 0 17. 3 nm, IR E K T
20 dB, i B i B0 P K M 1133 nm, 5 1080 nm {5 5
6 Xt R A — By B2 0k B K M U . iR DR K
1080 nm J £F ¥ Ot #4% 5 o) R bl o AR Wk I
CTFBG W FE/NF 2% .

(b)
OF 4 haa A P ~ 1-15
WA, B I
Eg* Ve, '_\!\_\ .,'/\,’/ N
as)
< S
g 041 1253
2 =
7] =
§ -0.8+ -35 &
_ . _transmission
—reflection
-12 . : - -45
1076 1078 1080 1082 1084
Wavelength /nm

K1 CERMEOE 2 B FBG XY 6% . (a) M R FBG; (D) IR FBG

Fig. 1
Op =l y 17.3 nm |/ -------------- 8
-6 P 4 10
3 \ !
Pl \ i sl
-% -18 - \ ¥ reflection - -16 \g
g _o4 | CTFBG / —-— transmission| o, ‘§
L=
E; -30 32 8
-36 -40
—492 -48
1110 1120 1130 1140 1150 1160

Wavelength /nm

F2 CEEOLZS M CTEBG ki
Fig. 2 Spectrum of CTFBG written by femtosecond laser

2.2 BVMEXAFRGEMNRES
fifi I A WF ) FBG X #5 & @ D) R G 47 3k 3% a4 T
L CTFBG, ik &2 W& 3 frzn . 20/400 pm KA

Spectra of FBG pair written by femtosecond laser. (a) HRFBG; (b) LRFBG

WAL )Z B RO (YD) K 8 20 m, YDF #i %
5 EHEBNEMAG SHEE, SRSNmEEYS
E S FBG I H: . H835 245 10 F 0 5 280 XU 5
L IR A 976 nm [ AR P K 2 R BOLER (LD) .
1E 1) 4 O 2 A 2 IR PR 2R (CLS) J5 , il i 6 £F
HE AR (QBH) B o 4835 % 19 5 m) it i U1 &% AR DA
B0 s 1 B 15 . CTEBG i ARG, #0641 R K B /)
TG EF LA IE & R %8 A1 LRFBG Z [8] i) Y6 £F K A
s R G AR R RN
3 SLIGAE RS

[ 4Ca) B 4(b) 53 9 JEE 75 T4 A CTFBG i L A
[F] Z2 Wl D R T 1 63 o 7E CTFBG #ii AR, 228
IR 3703 WA i 63 o ER £ T 12 R,
M4 CTFBG i A5 PL = o JL-F 9 58 2 08Bk . 4

1706002-2



243 % 5 17 H1/2023 £ 9 B/ F2H

YDF

! / ! CTFBG 1

8° HRFBG  combiner

combiner

LRFBG CLS QBH

B3 BT m PRIk 5 & 19 CTFBG WA R 4t
Fig. 3 CTFBG testing system based on high-power fiber oscillator

FAM TR G R3] 3842 W i, P2 63 26 1) 56 B Ll =2
K, K Hi A CTFBG B 15 5t 5 5 = 6 195 2
b ~40dB. X CTFBGHiAJE, T CTFBG &
Bral e A R, 8 EB P 26 RBERR 5 5o 5hi 2
GRS EE 22 e HE R F) ~46 dB, I 4() iR, N T

(a) -20

pump power

without CTFBG

|
'S
(=]
T

Intensity /dBm
&
<)

-80

1040 1070 1100 1130 1160
Wavelength /nm

(c) -20

-40 +

|
[=2]
S
T

without CTFBG

Intensity /dBm

-80 L

with CTFB

1040 1070 1100 1130 1160
Wavelength /nm

Y BT M S 7R CTFBG Y 38 bR R 6 & 4 () 5 i
A6 AR U, 7T LIS B CTEBG B P72 40 3%, o
Fl4(d) fin. R RL A iiZk, CTFBG i Hi 2
PO e f K ~13 dB,

() -20

with CTFBG

pump power

|
'S
(=]
T

Intensity /dBm
&
=)

|
®©
S

1040 1070 1100 1130 1160
Wavelength /nm

@ 5

0

|
(%))
T

Intensity /dB
i
1S

I
—
a

T

-20
1100 1110 1120 1130 1140 1150
Wavelength /nm

B4 i OEIE SRR . () RN CTFBG 5 (b) A CTEBG B, AN 5] 53 2y AT 094 635 5 (o) e R Iy AR B i i 6 8 0 1 5
(d)CTFBG (47 & 4 il 3%
Fig. 4 Output spectral experimental results. Output spectra at different pump powers (a) without and (b) with CTFBG; (¢) comparison

of output spectra at maximum power; (d) Raman suppression spectrum of CTFBG

K 5(a) R T CTEBG #fi ARG %35 #% 19 46 )
AL, UL K fe m T R s AR A . IR,
Sk T I B b G L T SR AR Ak 8 1B 5 () TR B
ZRME 43 E AT Ry BB K, W 1E 5 (b) s o R4S A
CTFBG B, 2 23 T %K F 3500 W i , ik 3% 4 3 %
TR BRI IR T W% TR 2678 W, 6%
B RN 69.70%, e W B M 7o 1,54,
CTFBG i AR I 5, h FHEA /N T 2% 146
OG5 DRI T T R SR, 2 B T R K
23500 W25 IR AR A B TS ERK
AR T W TR S 2 2811 W, b B e sk R
7325 o PRGSO R ik, ME T

WA 143, AT HE—E 1 E CTFBG i AR , 5
TR I 5 i SR AR A 0 SRR S Hn R O Y I AR
ST, K 5(c) IR T CTFBG i AR A9 B 5
S A P Ay R A S ke R AR . R I 5 ()
H A A 5 O R BB % R S e B (R AR
0 L R AT LU A B A G S A R 0 e P
VPR TR R N E (TMD B T e i3
1) hr 2 G 5R R 5 LK T E 5 ko B ~40 dB[ I
El4(a)]o B, SRS X 4R 35 #2008 10 5% i B 585, 3 %
WA TR AR TMIL, E5(d) R T
CTFBG #fi A J& () B 3045 5 55 %5 I ) 4o B A i . Y
CTFBG i A J5 , 8 L 45 33 v %) 451 R W 33 2, e W R

1706002-3



() 3000

Do
(=1
S
(=]
13
—
'S
w
|
|
|

Output power /W
Q\
Ql?
AN
1 H

1000 |

/
. P M2~1.54
rd —%- without CTFGB
o —o—with CTFGB
0 1000 2000 3000 4000
Pump power /W
© 1.50
1.25 -
2 M ¢
g =
FLOOL
G g -50
& g
075 | =
<1005 15 20 25
Fre uency /kHz
0.50 " . q Y s
0 10 20 30 40 50
Time /ms

PS5 it o 5 I A S S 8 45 8 () it S 5 A il 5 47 P A i o Ol BETR 3

E£435 5

17 #9/2023 £ 9 A/t ZF 2

(b) 3000
[~ ]
E /
5 o *
: ¥
8, 2500 - /
= *
g /"
&)
% _%-without CTFGB
—o— with CTFGB
2000 : :
2500 3000 3500 4000
Pump power /W
(d) 1.50
B e =
1.25 "
/m
= 9
o0
F100} g S »
S % mm mww wm“"w w
0.75 - 100 S
0 5 10 15 20 25
Frequency /kHz
0.50 . . : .
0 10 20 30 40 50
Time /ms

5 (b)) Jay w8 i Y i th D 58 Al 5 (o) R

CTFBG 5 (d) A CTFBG B, % H 0% 19 i sk A5 5, i 5] hxﬂ“ﬂﬁ@%uf@ng

Fig. 5 Experimental results of output power and time domain signal. (a) Output power variation curve, and insert is profile of output

laser beam; (b) output power variation curve of local zooming; time domain signal of output laser (¢) without and (d) with

CTFBG, and insert is corresponding Fourier spectrum

W TMIB % . Wik, CTFBG i A Ja AL &l 1T
SRS, WHPH T TMIA A= o X2 R SRS 2515 3 4F
SO R ) R R A B A, DA AR I TMIT B 1 (L, i LA
M SRS A H G, TMI B WA g m ™ . T
TMIiR 25 5] o it iR Ak, FJ?LJTTMHEF‘EEEF%
PR MR L. 5408 /NE 1. 43, X B % CTFBG
IR B s N A

eSS FE T, CTEBG R B8 i 2 4 HoR 23 9F
@FHJXU%%IJ‘/%,uﬁ@ﬁﬁﬁﬁ&m%{w&ﬁﬁam'ﬁrmgc
€ 6(a) JB/n T CTFBG Bl G EF 4k ¥ & i th 2 5 1 A8

@
50

'S

=
*
\

CTFBG temperature /'C
8
\
X

Do
(=]

1000 2000 3000
Output power /W

K6 CTFBGIRERTEI 545 5% .

b, B &l S BHE R ERLA . R KT,
CTEBG IR TFRECH 7.9 °C/kW., HILZ T il
AN TR R 37 WAL )2 647 215 1 CTFBG, H
B kOJE TE XY SRR B T R T &R B R AR A
15 °C/kW BL B B, REMEOEZ S 1 CTFBG 1Y
Dy Tt R B /N TR S5 2500 T RN 2 S

1 CTFBG, W CFEOLZI S 1) CTFBG A R4FiY
Ui TR . B 6(b) i th R T CTFBG
PURIE,CTEBG By M X By 44 °C I8 b 7R % 2 58 E
B TAEIREE . B, CTEBG WY I Rk 2 Kk F H 252

) Temperature /°C

' 44.0

32.56

singal power =

21.0

(a) CTFBG 78 3 B H DR 69484k 5 (b) fie i iy 9 R F CTFBG Ay V2 14

Fig. 6 Experimental results of CTFBG temperature characteristics. (a) CTFBG temperature as function of output power; (b) CTFBG

thermography at maximum output power

1706002-4



FFIE I8 3L

£ 435 F 17 H9/2023 £ 9 A/FZH

R FOCE IRz o A B D i A it — iR m i ) .
4% B

ARICIUE T R HOLZ S B CTFBG A K I
R IK 32 g )15 SRS MR o R BOLE X
B WAL 2GR h 4 i 215 T 48 1080 nm B FBG
X5 KN 1133 nm 89 CTEBG ., f#i f FBG %54 T
F I ROE LR %, 3-8 CTEBG i AR ¥ 2% (1038 Ik
JiE A SRS G, IR T w4 00 b D RN 2678 W R T+
2811 W T+ T 5%, 3F HOG R i it 453 Bt Ak, M°
M 1. 5408 /N % 1,43, CTFBG fit KPi 2 0l A
~13 dB, Hf it /N T 2%, fe i B Ol 44 °C o SCI
T, RO EZS m Y% CTFBG i AR K
H¥E 1, RO IR Y S TR CTFBG MR 4 1
EAL G EIMYOCZ S 1 CTFBG, A T/ ,CTFBG
M) R AR Z BT Z R TIRG A B UK e it — 2
HEEasmE., AEEa e R EOLAE T2, oL
LHAEEREBRBOATFTP ARG R EZAE
CTFBG, I 45 4 w30k v B 3 e B A BEHF 6 7 0
RIRZ R CTFBG . MLk, i o] LU © AP ot
TE BB A WL b 25 = U % CTFBG M il SRS, iX
WA R T EDOCT O R G Bk,

Z £ x #t

(10 JEkh, BHEE, HIR, % S PRI BoemimrRt R Y
KIERHLI] hEBOE, 2021, 48(20): 2000001
Zhou P, Leng J Y, Xiao H, et al. High average power fiber
lasers: research progress and future prospect[J]. Chinese Journal
of Lasers, 2021, 48(20): 2000001.

[2] Wang Y, XuC Q, Po H. Analysis of Raman and thermal effects
in kilowatt fiber lasers[J]. Optics Communications, 2004, 242(4/
5/6): 487-502.

[3] Zenteno L, Wang J, Walton D, et al. Suppression of Raman
gain in single-transverse-mode dual-hole-assisted fiber[J]. Optics
Express, 2005, 13(22): 8921-8926.

[4] Jiao K R, Shen H, Guan Z W, et al. Suppressing stimulated
Raman scattering in kW-level continuous-wave MOPA fiber
laser based on long-period fiber gratings[J]. Optics Express,
2020, 28(5): 6048-6063.

[5] HuQH, Zhao X F, Tian X, et al. Raman suppression in 5 kW
fiber amplifier using long period fiber grating fabricated by CO,
laser[J]. Optics &. Laser Technology, 2022, 145: 107484.

[6] Wang M, Zhang Y J, Wang Z F, et al. Fabrication of chirped
and tilted fiber Bragg gratings and suppression of stimulated
Raman scattering in fiber amplifiers[J]. Optics Express, 2017, 25
(2): 1529-1534.

[7] Jiao K R, Shu J A, Shen H A, 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(2): e31.

[8] Wang M, Liu L, Wang Z F, et al. Mitigation of stimulated
Raman scattering in kilowatt-level diode-pumped fiber amplifiers
with chirped and tilted fiber Bragg gratings[J]. High Power Laser
Science and Engineering, 2019, 7(1): el8.

[9] 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.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

1706002-5

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.

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

Lin W X, 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.

Lin W X, Desjardins-Carriere M, Tezzi V L, et al. Simple
design of Yb-doped fiber laser with an output power of 2 kW[J].
Optics & Laser Technology, 2022, 156: 108448.

Zhao X F, Tian X, Wang M, et al. Design and fabrication of
wideband chirped tilted fiber Bragg gratings[J]. Optics &. Laser
Technology, 2022, 148: 107790.

Raysung Photonics company. Product introduction on the
chirped and tilted fiber Bragg gratings as the Raman Scattering
Suppressor[EB/OL]. [2023-02-3]. htips://www. raysung. com/
html/Raman_scattering_suppressor/index.html.

Advanced Fiber Resources company. Product introduction on
the chirped and tilted fiber Bragg gratings as the Raman
Scattering  Suppressor[EB/OL].  [2023-02-3]. https://www.
fiber-resources. com/clearcut-raman-scattering-suppression-fbg _
p659.html.

E5E, Mg, &mEWL, 5. ™ 25 um/400 wm W WA 256
WA i 2 R S e 4 kW LT]. H E B0, 2022, 49(6): 0615001,
Wang M, Tian X, Zhao X F, et al. Transmission power of
homemade chirped and tilted fiber Bragg grating on 25 pum/400
pum fiber exceeding 4 kW[J]. Chinese Journal of Lasers, 2022,
49(6): 0615001.

BEBL, IR, FSCP RO A G LF A RS e A%
RIS ] 624 24R , 2018, 38(3): 0328009.

Liao C R, He J, Wang Y P. Studyon high temperature sensors
based on fiber Bragg gratings fabricated by femtosecond laser[J].
Acta Optica Sinica, 2018, 38(3): 0328009.

B, B, BB, A5 T REMEOE 2 SO A el Y
WL BT, OS5t T2k, 2020, 57(11): 111420.

Li HY, Rao B Y, Zhao X F, et al. Development of fiber
gratings inscribed by femtosecond laser[J]. Laser &.
Optoelectronics Progress, 2020, 57(11): 111420.

B AR, BRik, 0RO A O6 LT Bragg SO
2F WOt A B [T). O 5Ot R 2 ik e, 2020, 57(11):
111426.

Li R D, Chen T, Fan C S, et al. Application of fiber lasers
based on femtosecond laser inscribed fiber Bragg gratings[J].
Laser & Optoelectronics Progress, 2020, 57(11): 111426.
FE, Rz, B35, 4. CEBHOLAE FBG 9L 3.2 kW i
OGR4I EHOE, 2022, 49(3): 0315002,

LiHY, WuBY, Wang M, et al. 3.2 kW single-mode fiber
oscillator based on FBGs inscribed by femtosecond laser[J].
Chinese Journal of Lasers, 2022, 49(3): 0315002.

PR, M, 2R, 5. WHEOEZE FBG S5 kW T it
BOLL R T 4R [T]. b DL, 2022, 49(6): 0616001,

LiH Y, Tian X, Li H, et al. Realization of 5 kW near single
mode fiber oscillator by femtosecond laser writing FBG[J].
Chinese Journal of Lasers, 2022, 49(6): 0616001.

R MOET, 5, A RO S G EF A f A% a5 8L
8 kW OLLT R fx[J]. T IE#OE, 2022, 49(23): 2316001.

Li H, Ye X Y, Wang M, et al. Realization of 8 kW fiber
oscillator by femtosecond laser writing fiber Bragg grating[J].
Chinese Journal of Lasers, 2022, 49(23): 2316001.

Kramer R G, Moller F, Matzdorf C, et al. Extremely robust
femtosecond written fiber Bragg gratings for an ytterbium-doped
fiber oscillator with 5 kW output power[J]. Optics Letters,
2020, 45(6): 1447-1450.

LiHY, Tian X, Li H, et al. Fiber oscillator of 5 kW using fiber


https://www.raysung.com/html/Raman_scattering_suppressor/index.html
https://www.raysung.com/html/Raman_scattering_suppressor/index.html
https://www.fiber-resources.com/clearcut-raman-scattering-suppression-fbg_p659.html
https://www.fiber-resources.com/clearcut-raman-scattering-suppression-fbg_p659.html
https://www.fiber-resources.com/clearcut-raman-scattering-suppression-fbg_p659.html

[26]

(27]

[28]

458t X 243 % % 17 #1/2023 £ 9 B/ R

Bragg gratings inscribed by a visible femtosecond laser[J]. [20] 252, F5, iz, 55 . RV kARG EF O TR
Chinese Optics Letters, 2023, 21(2): 021404. S8R [I]. e, 2023, 43(10): 1036001,
LiH, Yang B L, Wang M, et al. Femtosecond laser fabrication LiH, Wang M, Wu B Y, et al. Femtosecond cascade chirped
of large-core fiber Bragg gratings for high-power fiber oscillators and tilted fiber Bragg gratings for Raman filtering[J].
[J]. APL Photonics, 2023, 8(4): 046101. Optica Sinica, 2023, 43(10): 1036001.
SR, T, Mz, & T RO A Y UE 0K R B [30] Tao R M, Ma P F, Wang X L, et al. 1.3 kW monolithic
OLL OB Ya2i2a4ik, 2023, 43(5): 0536001. linearly polarized single-mode master oscillator power amplifier
LiH, Wang M, Wu B Y, et al. Fabrication of chirped and tilted and strategies for mitigating mode instabilities[J]. Photonics
fiber Bragg gratings with femtosecond laser[J]. Acta Optica Research, 2015, 3(3): 86-93.
Sinica, 2023, 43(5): 0536001. [31] Hejaz K, Shayganmanesh M, Rezaei-Nasirabad R, et al. Modal
Li H, Wang M, Wu B, et al. Femtosecond laser fabrication of instability induced by stimulated Raman scattering in high-power
chirped and tilted fiber Bragg gratings for stimulated Raman Yb-doped fiber amplifiers[J]. Optics Letters, 2017, 42(24):
scattering suppression in kilowatt-level fiber lasers[J]. Optics 5274-52717.
Express, 2023, 31(8): 13393-13401.
High-Power Chirped and Tilted Fiber Gratings Written by Femtosecond
Lasers
Li Hao'’, Ye Xinyu'’, Wang Meng"*”, Wu Baiyi"*’, Gao Chenhui", Chen Zilun"*’,
Wang Zefeng"*”", Chen Jinbao"*’
'College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha 410073,
Hunan, China;
‘Nanhu Laser Laboratory, National University of Defense Technology, Changsha 410073, Hunan, China;
‘Hunan Provincial Key Laboratory of High Energy Laser Technology, National University of Defense Technology,
Changsha 410073, Hunan, China
Abstract

Objective  High-power fiber lasers are of application significance in scientific research and industrial processing.
Stimulated Raman scattering (SRS) is a main factor limiting the power scaling of high-power fiber lasers. As a spectral
filter component, chirped and tilted fiber Bragg grating (CTFBG) has been extensively studied to suppress SRS or filter
Raman light in recent years. The traditional CTFBG fabrication method is the ultraviolet laser phase mask, but the fiber
must be hydrogen-loaded and annealed before and after inscribing the grating, which leads to a long fabrication period.
Additionally, if the annealing treatment is incomplete, the residual hydrogen molecules and hydroxyl compounds in the
fiber would absorb near-infrared laser for heating to limit the power handling capability of CTFBG. To this end, the
special annealing method, multiplexed inscribing technology, and efficient refrigeration packaging are proposed, but these
methods and technologies greatly increase the fabrication period, cost, and complexity of high-power CTFBG. The
development of femtosecond laser inscribing technology provides a new scheme for fabricating high-power CTFBG. As
femtosecond lasers do not require the photosensitivity of the fiber, hydrogen loading, and annealing treatment are not
needed, which shortens the fabrication period and avoids the heating caused by incomplete annealing. Meanwhile, since
the fiber Bragg grating (FBG) written by femtosecond lasers feature high-temperature resistance, they have better

tolerance to the temperature rise caused by a high-power laser.

Method Two FBGs and a CTFBG are inscribed in 20/400 pm large-mode-area double-cladding fiber by femtosecond
laser phase mask method, as shown in Figs. 1 and 2. The central wavelengths of two FBGs are 1080 nm. The bandwidth
and reflectivity of high reflective FBG (HRFBG) are 3. 6 nm and more than 99% respectively, and those of low reflective
FBG (LRFBG) are 1. 2 nm and 10% respectively. The filtering band central wavelength of the CTFBG is 1133 nm with a
3 dB bandwidth of 17. 3 nm and a filtering depth greater than 20 dB. The loss of CTFBG at 1080 nm signal power is less
than 2% measured by the cut-off method. Two FBGs are employed to build a high-power fiber oscillator for testing
CTFBG, and the CTFBG is inserted in the resonant cavity of the fiber oscillator, as shown in Fig. 3.

Results and Discussions Figs. 4, 5, and 6 show the CTFBG testing results based on the high-power fiber oscillator.
When the CTFBG is not inserted, the output power does not increase after the pump power exceeds 3500 W due to

transverse mode instability (TMI). At maximum pump power, the output power is 2678 W, corresponding to the optical-
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to-optical conversion efficiency of 69.7% and the beam quality M* factor of 1.54. After inserting CTFBG into the

resonant cavity, the SRS is suppressed with a Raman suppression ratio of ~13 dB, and the TMI is not observed. The
maximum output power is increased to 2811 W, corresponding to the optical-to-optical conversion efficiency of 73.2%,
and the beam quality M” factor is reduced to 1. 43. During power scaling, the CTFBG is not packaged and cooled by a fan.
The temperature slope of CTFBG is 7.9 °C/kW, and the maximum temperature is 44 °C,

Conclusions High-power CTFBG is inscribed in large-mode-area double-cladding fibers based on the femtosecond laser
phase mask method. To test the power handling capability, the CTFBG is introduced into the resonant cavity of the high-
power fiber oscillator. The maximum handling power of CTFBG is 2. 8 kW, and the insertion loss of CTFBG is less than
2%. The CTFBG is cooled by an air fan during the test, and the temperature slope of CTFBG is 7.9 °C/kW. This study
shows that the femtosecond laser-written CTFBG has excellent power handling capability and temperature characteristics,,
which will promote the development and application of CTFBG. In the future, the CTFBG will be fabricated in larger

core fibers by femtosecond lasers, and its performance will be further investigated in fiber lasers with higher output power.

Key words femtosecond lasers; fiber lasers; stimulated Raman scattering; fiber gratings; chirped and tilted fiber gratings
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