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Fig. 1. Refractive index profile of the M-type fiber. Inset is
the end facet of an M-type fiber.
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Fig. 2. (a) EMA of FM for different depth (An;) and width (d) of central dip in core; (b) when An; = 6 x 10 %, normalized electric

field of FM for d = 8.9 and 10 um (Insets are the corresponding surface profiles of the transverse component of the electric fields);
the bending losses of (¢) LPy, and (d) LPy; for different An; and d under a bending diameter of 30 cm.
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Fig. 3. (a) Refractive index profile of the fiber preform; (b) refractive index profile of the fiber; (c) elemental distribution in fiber

core region; (d) the bending loss of LPj; and LP;; modes and the EMA of LPj; mode as a function of the bending diameter (Insets

are mode filed distributions of LP(; and LP;; modes under bending).
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Fig. 4. Experimental setup of the all-fiber amplifier.
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Fig. 5. Experimental results of forward-pumping: (a) Output power and efficiency at different pump powers (Inset is spectrum at

the highest power); (b) time domain signal (inset) and corresponding frequency domain signal at different output powers.
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Fig. 6. Experimental results of backward-pumping: (a) Output power and efficiency at different pump powers (Inset is spectrum at

the highest power); (b) time domain signal (inset) and corresponding frequency domain signal at different output powers.
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Fig. 7. Experimental results of bidirectional pumping: (a) Output power and efficiency at different pump powers; (b) measured spec-

tra at different output powers; (¢) time domain signal (inset) and corresponding frequency domain signal at different output powers;

(d) the laser beam quality at the maximum output power.

B A TR R 58 S, I A LR O
DR FOEE OB TR AL & 7(a)
Bz, MEEH IR AR 3283 W (R 1) /5 161 22 30 o
Fb Ay 0.4), 3R75 T 2285 W BB KT R i H, %t
FIYEIERCR A 66.5%. [ 7(b) AR TR T A i
HOEGEE, JC SRS 5% o, d5c sk i DXt h
FeiE ) 3 dB £k 58 N 100 W A F %A 1.30 nm &
Fi3] 3.01 nm. & 7(c) 4 e 1 TIFN 2107 1
2252 W 3247 i HH SO B I8 5 BAH R A5 3k
S5 e IR 2107 W iafT R, IS S A
MRS, LEAH R AR A B S AR . M
W TR 2252 W, ISR el (5 5 79 9 0%
gfy, I B [ A7 — SRR ERR S AT R o, F
AL LR s B B M BLG:. fe i TR
UL M2 R AR AR B AN R 7(d) F
R, M2 T 1.42 (M2 =1.468, M2 = 1.371).

B IRAET LRI R G RE M BDGAF
BARTPRIETHZ 3] MI RS, (2 E— ik
R HE S = g R ) BN, MOBISRER R

“FINE] 20/400 pm, FH A E S R4
PR S S 2T (25/400 pm B 30/400 pm) AR
BULHEL, SXFERECRIE T IE R E6R0%E, Tt 7 MI
BIE; 538k, AT LAZS & BRUIB 2B AR = B
WO g%, AR MIBA DX SR s A 25 B, TS AT
RIFHFURIB ARG 2551

3 4 #®

5T MCVD T. 24 & W 3B & AR &
TM BRI EIET, 400 /E RN 25/400 pm.
$4 78 976 nm AL FEIH MOPA R4k M %%
27, 4R15 2285 W P Kl 1080 nm FOGHIH
Xof W B ERER H 66.5%, it OEOGi% Y 3 dB
WPk 3.01 nm, AR TTE N M2 ~ 1.42. #
BATIAL, ZE5 T BT M ADELF 83 i i
D)L SRR TAERE AL M BIELF 254 5
BUA S = a8 | T D AR O

SR E B R /MR /N it
TEARSEIN 7 ThT A5 1.

034205-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 3 (2022) 034205

S 30k

(1]

2]

B8l

(4]

[5]
(6]

7
g
9
[10]
[11]
[12]

[13]

Jauregui C, Limpert J, Tiinnermann A 2013 Nat. Photonics 7
861

Wang Z H, Xiao Q R, Wang X J, Yi Y Q, Pang L 2018 Acta
Phys. Sin. 67 024205 (in Chinese) [TFME, H#rs, TEHYF, K
KT, PEBE 2018 R4 67 024205]

Xi X M, Wang P, Yang B L, Wang X L, Zhang H W, Ning
Y, Han K, Wang Z F, Zhou P, Xu X J, Chen J B 2021 Chin.
J. Lasers 48 0116001 (in Chinese) [Z/NH, T, Bk, £/
R, SRIUES, T, L, TR, AR, FREEE, M4 2021
¥t 48 0116001

O’Connor M, Gapontsev V, Fomin V, Abramov M, Ferin A
2009 Conference on Lasers and FElectro-Optics (CLEO)
Baltimore, Maryland, USA, May 31-June 5, 2009 pCThA3
Shiner B 2013 Conference on Lasers and Electro-Optics
(CLEO) San Jose, California, USA, June 9-14, 2013 pAF2J.1
Wang Y, Kitahara R, Kiyoyama W, Shirakura Y, Kurihara
T, Nakanish Y, Yamamoto T, Nakayama M, Ikoma S, Shima
K 2020 Fiber Lasers XVII: Technology and Systems San
Francisco, California, USA, February 2-21, 2020 p1126022
Zervas M N, Codemard C A 2014 [EEFE J. Sel. Top. Quantum
Electron. 20 219

Tao R M, Zhou P, Wang X L, Si L, Liu Z J 2014 Acta Phys.
Sin. 63 085202 (in Chinese) [, JEKL, TR, Fl&, X%
4 2014 P34 63 085202]

Zervas M N 2019 Opt. Express 27 19019

Jain D, Jung Y, Barua P, Alam S, Sahu J K 2015 Opt.
Express 23 7407

Ma X, Zhu C, Hu I N, Kaplan A, Galvanauskas A 2014 Opt.
Ezxpress 22 9206

Wang M, Wang F, Feng S, Yu C, Wang S, Zhou Q, Zhang L,
Lou F, Chen D, Hu L 2019 Chin. Opt. Lett. 17 71401

Stutzki F, Jansen F, Otto H J, Jauregui C, Limpert J,
Tiinnermann A 2014 Optica 1 233

(14]

[15]
[16]
(17]

(18]

(19]

20]

(21]

(22]
23]

(24]
(25]

[26]

27]

(28]

034205-7

Zhang Z L, Zhang F F, Lin X F, Wang S J, Cao C, Xing Y
B, Liao L, Li J Y 2020 Acta Phys. Sin. 69 234205 (in
Chinese) [fkaE1E, TKT5T7, MBHig, THEAS, Wt JR@EE, B,
ZRPEAE 2020 WFEAEAR 69 234205

Jain D, George M A, Harris B, Fleming S 2021 J. Lightwave
Technol. 39 4478

Glas P, Naumann M, Schirrmacher A, Unger S, Pertsch T
1998 Appl. Opt. 37 8434

Aleshkina S S, Likhachev M E, Senatorov A K, Bubnov M M,
Salaganskii M Y, Guryanov A N 2013 Opt. Ezpress 21 23838
Aleshkina S S, Yatsenko Y P, Salganskii M Y, Lipatov D S,
Senatorov A K, Tausenev A V, Shepelev D V, Bubnov M M,
Guryanov A N, Likhachev M E 2019 IEEFE Photonics J. 11 1
Ghatak A K, Goyal I C, Jindal R 1999 International
Conference on Fiber Optics and Photonics: Selected Papers
from Photonics India’98 New Delhi, India, April 28, 1999 p40
Wang C C, Zhang F, Lu Y C, Liu C, Geng R, Ning T G, and
Jian S S 2009 J. Opt. A:Pure Appl. Opt. 11 65402

Valentin C, Calvet P, Quiquempois Y, Bouwmans G, Bigot
L, Coulombier Q, Douay M, Delplace K, Mussot A, Hugonnot
E 2013 Opt. Express 21 23250

Jain D, Sahu J K, Fleming S 2020 J. Lightwave Technol. 38
6362

Liu Y, Zhang F, Zhao N, Lin X, Liao L, Wang Y, Peng J, Li
H, Yang L, Dai N, Li J 2018 Opt. Express 26 3421

Jain D, Baskiotis C, Sahu J K 2013 Opt. Exzpress 21 26663
Wang X, Lou S, Lu W 2014 [EEE J. Sel. Top. Quantum
Electron. 20 200

Wang X, Lou S, Lu W, Sheng X, Zhao T, Hua P 2016 IEEE
J. Sel. Top. Quantum Electron. 22 117

Saitoh K, Tsuchida Y, Rosa L, Koshiba M, Poli F, Cucinotta
A, Selleri S, Pal M, Paul M, Ghosh D, Bhadra S 2009 Opt.
Express 17 4913

Shi C, Su R T, Zhang H W, Yang B L, Wang X L, Zhou P,
Xu X J, Lu Q S 2017 IEEE Photonics J. 9 1


http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.1038/nphoton.2013.273
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.7498/aps.67.20171676
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
http://doi.org/10.3788/CJL202148.0116001
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO.2009.CThA3
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1364/CLEO_SI.2013.AF2J.1
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
https://www.doi.org/10.1117/12.2545832
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.1109/JSTQE.2014.2321279
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.7498/aps.63.085202
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.27.019019
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.23.007407
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.1364/OE.22.009206
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.3788/COL201917.071401
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.1364/OPTICA.1.000233
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.7498/aps.69.20200620
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1109/JLT.2021.3072504
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/AO.37.008434
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1364/OE.21.023838
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
http://doi.org/10.1109/JPHOT.2019.2937821
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
https://www.doi.org/10.1117/12.347957
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1088/1464-4258/11/6/065402
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1364/OE.21.023250
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1109/JLT.2020.3010814
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.26.003421
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1364/OE.21.026663
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2014.2310707
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1109/JSTQE.2015.2461456
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1364/OE.17.004913
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://doi.org/10.1109/JPHOT.2017.2679753
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 3 (2022) 034205

Near-single-mode 2-kW fiber amplifier based on M-type
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Abstract

High power fiber laser systems have attracted extensive attention due to compactness, good beam quality,
efficient heat dissipation and high conversion efficiency. They are widely used in industrial processing, military,
medical treatment and other fields. Over the past two decades, owing to the development of double cladding
fiber and high-brightness laser diodes, the output power of fiber lasers has been greatly improved.
Unfortunately, nonlinear effects (NLEs), such as stimulated Brillouin scattering (SBS) and stimulated Raman
scattering (SRS), restrict the further enhancement of the output power of fiber lasers. Apparently, increasing
the core diameter is the most common way to suppress NLEs in the fiber, but this causes another limiting
factor, i.e. mode instability (MI), resulting in the deterioration of the beam quality and in the limitation of the
power scaling. Therefore, it is important and urgent to suppress the NLEs and MI simultaneously in fiber lasers.
The M-type fiber, by designing refractive index profile, breaks through the stringent trade-off between mode
area and numerical aperture (NA), so it possesses a larger mode area than the step index fiber, which helps to
avoid NLEs and expand the power range. The M-type ytterbium doped double-clad fiber is fabricated by the
modified chemical vapor deposition (MCVD) process with solution doping technology (SDT), the core/cladding
diameter is 25/400 pm. The NA of high index ring and index dip in the core are 0.054 and 0.025, respectively.
To test the performance of the M-type fiber during high-power operation, a 976 nm bidirectional pumped all-
fiber amplifier is constructed. As a result, maximum output power of 2285 W is achieved with an optical-to-
optical conversion efficiency of 66.5% under bidirectional pumping scheme, and the measured M2 factor is 1.42,
the central wavelength and 3 dB linewidth of output laser are 1080 nm and 3.01 nm, respectively. To the best
of our knowledge, this is the highest output power in a continuous-wave fiber laser employing an M-type fiber
at present. However, the MI effect is observed at the output power of 2252 W. The future work will focus on

optimizing the structure of the M-type fiber to achieve a stabler higher-power and higher-efficiency laser output.

Keywords: M-type fiber, mode instability, fiber amplifier
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