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Abstract

operation, known as trench-assisted segmented cladding fiber. In this structure, a low refractive index (RI) trench

This study proposes a novel large mode area fiber structure with bend-resistant and single-mode

is added to the fiber core and the core is surrounded periodically with high RI fan-segmented claddings. COMSOL
software is used to calculate the mode leakage loss and mode area. Numerical analysis indicates that when the
indicates bending radius of the fiber is 15 cm, the mode field area of the fiber can achieve 700 pm*. Meanwhile, the
loss ratio between the high-order mode (HOM) and fundamental mode (FM) is >>100, which ensures effective
single-mode operation. In addition, the fiber performance is stable within the bending orientation from — 180° to

180°. Based on the results of this study, the proposed fiber has the potential to play an important role in developing
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high-power fiber lasers and amplifiers.
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OCIS codes 060.2310; 060.2430; 140.3510

1 51 7

PO A% HAOE R B BB 5 B e KOO R ELAR
SRR AE WO IR L BT B ORI T SR
ARG {5 LK B 54 D5 AR B T2 R
FIE o HAOL e ot & B i sor & f e
U AR TR A 3 AR SR R T RO A
U I TTIEFE PR 3 AR R ORI £ O 27 1Y
W DIRC R T IR R w TR

UREF AR HA JLBOK , B a5 AROL 27 i — 2
P2 THIEOE i i 2R 2 52 B A AR AR AR Y
SR DL SRR TE 2R BB A Ol o 0405 B AT S A PR
S5y BAIL ) 7 1D A FIR ) L k2 IR B i — 2 R T
pIRAR D P ENINE - SN R EN

HT T AR LA IR AR 1Y B A D) R 5 LT AT 2L
A7 1 BUBE LU 5 DRI — b e A Ak b A R 4R T Ol £F
) 4 5 2 THI W 19 A 2 P 800 Ol £ 461 43 45 [l et 4 07
LRl IR 1 UG EE . H AT R T BOG £

Wi B8 2018-05-31; fEEI HHA: 2018-07-20; R HHI: 2018-07-27
HE&TH: EX AR E4 (61471033,61525501) L 10 545 & &2 e BH L 11015 B (J17KA089)

* E-mail: tgning(@bjtu.edu.cn

1206001-1



th i

i ot

FEAMPARCE S ST ARG IR
IRMZ T &, b T RIR L HIER 8 B
ME LR UE G £F 1) ¥ 59 ¥k Fn T & M . Rastogi 450
B T HRROGER . W TAE R IEROL A B
S RE L BB 5 AR S TE T R HE AR A A
HREEAE . Hooda 251 il 5 T — A AL kAR O
25 BRRIROGER T LR A oROHE UL A R s B A
MRV 565 b RHE 35 55 45 b J A M HE 51 O R
MG, T T8 1 R 3 TN 7 22 7 8, WA 9 1 A v 4 1
HOELF L AN EIR G LR 8 A LR A Y7 2k
HAE . I XL 5 25 22 T2, SR 3L 58 95 22 2
AU Ma SV T — R TR REROC AT L BB A
B R G LR Y B

ASCEM T~ R mBOCA 5. 5
1 Ge ARG LF M HE L DG 2F 27 8 v 34 1R 3 5 R
A IF HALE ol B S RIR 27 H AR I 4
T2 A« e i E 2 3 9 A ' £ 5 e L AR T o A )
LS RARNEZEEE A S  HBOLE
T X I R B B T IRER G T 45 A BE A A AL
P9 LT (Y BB AR R L B R AR iR
it i DL R R AR R E R REAE RS . 7E 15 em &
Mk, Al DLARIE G 2R ZE AL IX (700 pm®) N FLAR
TAE. HTZE M AEL—180°, 180° 3 [l P XF 25 fif
B[] A AR S PR AN 5 B 4 ) g g

2 RAG b it AR A e B B IR e 21

21 AFFHREHER
RAE 37 1 B30 Ay 3 R AR O £, HC AR A I 1Y
il RN R N AT R S PR Sl RO T

Ny BRI 2505 s [l MR IR R 98Bl ¢ A B 5y
ny IARIT S 3 VAl (260 RN d TR n
AR T A R IR IR, AR INERSE 8 DA R 0,
Pri RN o BRI, KA JE T 5 Ry . 1Y
R TR b, Any=n, —ny,Any,=n, —ny,
AA" RSB M I, @ KPR T 55 %
4l ) =z E] A A

1 ol B A bR O £F 45 4 ]
Fig. 1 Cross section of trench-assisted

fan-segmented cladding fiber

TG EF H A JE B X R 454, AS TR 7 ] 1 25 i
XFCEF Y SE AR . 2R 45 il ) 7 AR B IR A A 2
fias Hod R A kA2, BO Ry szbeas il oy ), &
gt T SRS th 7 1) BO 5& %5l i AA'Z
B (I @ 4k 0°,15°,22.5°, 45° 0 AL £F # 1 .
22 EAXFERE

K HVBE 5 B COMSOL Multiphysies #F
TR L, 30 R AR 1k B R 58 S5 DL L JZ (PML)
WESC s S 26 A & SR R B A 2 = A T8 A%
HEAT R4

bending
orientation (BO)

B 2 Sesras i gL R oR BRI DL 9 =0°,15°,22.5°, 45° I A9 OI6 £F 8 1

Fig. 2 Schematic of the bent fiber and the fiber cross sections corresponding to ¢=0°, 15°, 22.5°, 45°,

respectively

1206001-2



i ot

2.21 By ASZ

P37 B AR B R LR LP,, BB 35 0 A e
J2 B b A AR b A i — R R A, Ok
FMBHER - BIFARE TS ERE, FH A EL b
FHEA T A 10 L AR th 27 0 K O )R BR T 40 08 A%
T T AR T, B AR E X
RAESCEF T 43 A a0 B H e R AE A 1/ e B X
EBE AR,

K H Petermann 135 1 Sy KA 37 1 AR A5 3
WA E Y HRE M A X, Petermann 42 .06
LRI EHAR T LG AR h SRR 20 A pRAL ¢ (o)
18 i R S X
rgo(x)3r3dr

0

d, =242 (D

ngo(x)zrdr

T SE BRIt 5T TR J7 20 B g AR —
fBeh M R B B 4 O A AR AR R R BT R
B

1

ﬂgﬁ(l‘)z(xz + y¥)dxdy

d, =22 |2 » (2D
ﬂgo(x)zdxdy
a

- Q LT R i B X
2.2.2 BTWHERITHE
HOGEF A i B A AR AR T R R AR O
3 L3 Y B AR e, T DR S T 0 B R A
N

%

= E

n' :nmmaleXp(%) A M mareril (1 + %) . (3
27 i N EICEF B PT SR N OB LT 19 45
AT
2.2.3 L@

AR EME S S EEFBEZ —. 0]
15 2R figp 5 X 1 25l AR Ak o oR A S i G AT B A%
& W B R LR
_ A0x
In(10)A
FE SCIRE HE (LR S H5 /I 1R B A CHHOMD 451 FE T A5
(FMD HAERY HEAH .

3 P HECRG

3.1 EEEREMIKEFITLL
T E X EE AR A B B R DR O £ R 3 B I
WICEFRIPERE .ty TR T 56 R Y M BR ) 17 B A oy 6L

ImGng) o 4)

Yy DX 35 PR 0 8 R R Bl By Bt T TR ' £ 1 4 G
2o [V RE LU 35 T 5 1 SRS R T RS 3 T AR, 3 3
EWRET SN a =18,19,20 pm. b =
62.5 pm.0 = 45° . R =0.15 m.n, = 1. 444, An, =
0.003 A =1.55 pm.@=0°", 418 %i B w2 3R S5
SN a=19,20,21 pm.t =4 pm.d =11 pm,
b=62.5 pm.0=45°.R=0.15 m.n, =1.444 , An, =
0.003,An,=0.005,A=1.55 pum.,p=0°,

KLIHH THMICE M ERE X F o=
19 pm M9 % 38 B2 I R O6 £F, BB R R
0.82 dBem ' /N ML EE R 14 dBem ', BEHT
AR IR 17, B A Ry 701 pm®, X T a =
19 pemif V5 R 5 B B TR IR 6 25, BE B B RE K
0.017 dBem ', /N B FE R 9.1 dBem ', I
B FE Ll 526, B T ALl 665 pm®, W] LLAE
o AT S R I A R N B £F R AR AR L
R AR R AR Sy TR 7 08 /1 3 R B B o O SR D' 2
B eI PR, i >4 v R Bl R TR AR O 2R
MR @ =20 pm B, FEAHFE R 0.012 dBem ™', 5
INEE IR FE N 2.7 dBem 'L ILI O IRAE LL R 217,
B AN 722 pm®, AT LUE L AELF R R
1 e, VA AR 4 B T RO £F 14 B 3 T AR R T3
i B TR G 27 1 A5 AR . R IR A B B OB
SRR S 2T 1) LA A5 RE B /) L S FE L R L A
PE N, DR, YA RE B R O IR O £ AE 5 3 1 R
BERMEDT , AR 1 3 B 2 o . MY
T FRUREARL B, Y 1 2l B8 O SR BR O F L A% 5 B O
ARGET BLAT T 75 1) BSR4 ek
3.2 EAHFERTHEFRIAFHENZIE

Bi%a=20 pum.t =4 pm.d =11 pm.b =
62.5 pm.0 =45° R =0.15 m,n, = 1.444, An, =
0.003,An,=0.0051=1.55 pm,p=0", {4 5] 4] fr
FERIBL R R R A i 3 TR . DA
5% LPoy JLPy  JLPyy, (LPyy (LPy, LPy, B8, Horp R
VR U 8 B N Wl L 1 T = S
B B EERE S 2R R AR an il 4 Firas, Al
LA m AU LP, B B FE AR, 245 il o
£ R=15 cm B, FEBIHFE LP,;, 4 0.01 dBem ',
TR FE N 2.7 dBem ', OGLF BA R0 R
Mo A5 BRI FE L BE S il 42 R ARk an &l 5
FiR. 4 10 em<<R<C80 cm M, JE£F il #5537 ifi FH
F 700 pm® HAE LK T 100,064 BA RIFRI BT
iy AR

1206001-3



H = # ot

Table 1

F 1 PR B BRI ' £F R R T IR ' £F B 1 RE X L

[18]

Comparison between the trench-assisted fan-segmented cladding fiber and the general fan-segmented cladding fiber
Parameter Value
Fan-segmented cladding fiber Trench-assisted fan-segmented cladding fiber
Core radius a /pm 18,19,20 19,20,21
Index difference An, 0.003 0.003
Index difference An, 0 0.005
Trench width 7 /pm 0 4
Resonant ring thickness d /pm 0 11
Fan segment angle 0 /(%) 45 45
Fiber radius & /pm 62.5 62.5
Mode area /pm’ 645,701,758 665,722,780
FM loss /(dBsm™ ") 1.1,0.82,0.65 0.017,0.012,0.01
Lowest-HOMs loss /(dBsm™") 22,14,9.5 9.1,2.7,1.0
Loss ratio 20,17,14 526,217,100
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Fig. 3 Mode field distributions of LPy,, LP;,, LPyy,, LPy, LP;; and LPs;; modes
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Fig. 6 Effect of core radius on fiber properties. (a) Variation of the leakage losses of LP;,, LP;;, and LPyy,

modes as a function of the core radius; (b) mode area of FM and loss ratio as a function of the core radius
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modes as a function of the trench width; (b) mode area of FM and loss ratio as a function of the trench width
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Fig. 8 Effect of resonant ring thickness on fiber characteristics. (a) Variation of the leakage losses of LP,;, LP;;, and LP;y;

modes as a function of the resonant ring thickness; (b) mode area of FM and loss ratio as a function of the resonant

ring thickness

100
~ @ —
IE 10} _/éj@/@/e/(
)
S 1
£ o1
% 001}
% : —e—LP,
% 0.001 —s—LP, —s—LP
—QO— lowest-HOMs
0.0001 1 1 1 1 1 1

1.0 1.1 1213 14 15 16 1.7 1.8
Wavelength /um

800 300
(b)
250
% 750f
g 1200 o
3 g B
£ 700¢ {150 &
[} Q
= T e 100 =
S 650/
< 150

600 - 0
10 1.1 1.2 13 14 15 1.6 1.7 18
Wavelength /um

B9 PR ELFRRPE R R IR . Ca) il 506 B 4 1< A8 AR 18T 5 (b) K373 T AR AN45URE LU Bl i 172 Ak ]

Fig. 9 Effect of wavelength on fiber characteristics. (a)Variation of the leakage losses of LPy,, LP;;, and LP;y,

modes as a function of the wavelength; (b) mode area of FM and loss ratio as a function of the wavelength

3.7 LA BT EHENTIE

M TG 2F A 2 R X B 4 44, 25 il 7 1) 2 i 2
HERFEMKRE, Seadthirm BO fMZ%J5
AA'Z WIS o AARTFMEMEM ., DL Hh K 2 4
o JGEFE 1/8 XFARES ), it Jy 17 BO 7E 0°~45°
WIS AL FT AR 7R B4R 7R [ — 1807, 180° J# A2 ih
D5l AR AL, B 10Ca) FoR TG EF A R AR RN i By
B AR S M A, CF SR a =
20 pmt=4 pm.d =11 pm.b=062.5 pm,0 =145,

100

~ @

= 10t

% . 000@DO000000AMO00

£ o1y

[}

%0 0.01

fg O 001 L LPUI LPllV

= Y ——LP, , —O—lowest-HOMs

0.0001— - - : .

-45-40 -20 0 20 40 45

Bending orientation /(°)

R=0.15 m.n, =1.444,An, =0.003 An, = 0.005
A=1.55 pm, "] LUFE M, HELF Bl E4 N 15 cm,
Bl AEL —45°, 45° 22 A AR fh i, BEAR I RE A R
IR AR DRI A S BB AE S 0.012 dBem ', &
WA HIFE R 2.7 dBem ', JGEF AT I BRI AR
I E 10(h) s, B T AR FF 720 pm®, $1 #E
Fohy 220, JGEFFRE AN BE 45l O ) A8 4k, X2 Ot
I — AR,

800 300
(®)

1250

- 1200
150

Loss ratio

1100
o
R 150

Mode area /um?
-
(ol
(=)

700+ ; - - — 0
-45-40 -20 0 20 40 45
Bending orientation /(°)

P10 A5l Jy i o e £ R PR BRI o Cad Y 58 450 796 B 25 i 5 1) 7 PR 5 (o) A6 37 T BT A58 ARG LU Wi 25 it ] 72 A 12

Fig. 10 Effect of bending orientation on fiber characteristics. (a) Variation of the leakage losses of LP,,, LP;;, and LPy,

modes as a function of the bending orientation; (b) mode area of FM and loss ratio as a function of the bending orientation

1206001-6



h | i bl

S S RO, 1R, %, 1030 nm F LB
S 2 JEEFA 2 95 OB BOK 28 (1], o MO, 2016, 43

it £ MR K B TBULE . R fh’ fl}ooj L Wel L el Bt

. . . e en , Yan , WuJ J, et al. Band-rejection
HROCTT IR R DG ET 19 25 i A5 PE AN S 1 AR AT T fiber filter and fiber sensor based on a Bragg fiber of
BLE T U T k*ﬁ%ﬁ%ﬂ*ﬂ{lﬁ%ﬁ i A o X transversal resonant structure [J]. Optics Express,
Fobt Sl £F S — o 1t T 225 A 3 3 400 ) g A AT LA 3k 3 2008, 16(21): 16489-16495.

FRTERVER H B, 45 S0, VA R A B O ROk [9] Horikis T P, Kath W L. Modal analysis of circular
F 5L FTERR M H, BB AL TS 10 2 15 Bragg fibers with arbitrary index profiles[J]. Optics
fERetk . FE95 LAY 15 em 104 1T A A0 petters, 2000, ST SHTI.

. N N N [10] Liu M N, Li M X, Jiang C Y, et al. Research
BArsAE] 700 pmz » M FLOGEFPERE S5 25 i 77 16 B progress on high birefringence terahertz photonic
R EF £ 5 0 A 15 D) 2R HOL i FURCK 5 sk crystal {ibers[J]. Laser & Optoelectronics Progress,
BR BRI . 2017, 54(9): 090006.

5 = ¥ m XU, Z8E, L8, 5. 00T K% T
m RO £ m AT S Bt (T, WOt 5ot T ik R,
[1] LouQH, ZhuJ Q, Zhou J, et al. Double cladding 2017, 54(9): 050006.
fiber laser and it's application in military[J]. Journal [11] Zhang F, Zhang H K, Chen T, et al. Nd-doped
of Institute of Command & Technology, 2003, 14 double-clad large-mode-area polarization-maintaining
(5): 28-32. photonic crystal fiber laser [J]. Chinese Journal of
BRI, SRR, I, . MR LA HOL I K Lasers, 2017, 44(2): 0201020.
TR 1], % f AR AR B AR 2009, e, RS, BRI, 5. 95 HORL R KB B
14(5): 28-32. Tt Ot ). P EBOE, 2017, 44(2):
[2] Fang Z H, Hui X F. The development of Yb-doped 0201020.
double-clad fiber laser and its application[J]. Laser [12] Duan J, Teng C, Han K, et al. Fabrication of
Technology, 2006, 30(4): 438-444. segmented cladding fiber by bicomponent spinning
[3] Zhang D P, Hu M L, Xie C, et al. A high power [J]. Polymer Engineering &. Science, 2009, 49(9):
photonic crystal fiber laser oscillator based on 1865-1870.
nonlinear polarization rotation mode-locking[J]. Acta [13] Takenaga K, Arakawa Y, Sasaki Y, et al. A large
Physica Sinica, 2012, 61(4): 044206. effective area multi-core fiber with an optimized
e, BIEE, R, 2. 3T AR R IR e A cladding thickness [J]. Optics Express, 2011, 19

BB S5O0 T S O OB HOL IR % ] (26): B343-B550.

2472012, 61(4): 044206, [14] Rastogi V, Chiang K S. Propagation characteristics
[4] Jeong Y, Sahu J K, Payne D N, et al. Ytterbium- of a segmented cladding fiber [J]. Optics Letters,

doped large-core fiber laser with 1 kW of continuous- 2001, 26(8): 491-493.

wave output power[J]. Electronics Letters, 2004, 40 [15] MaS S, Ning T G, LiJ, et al. Detailed study of

(8): 470-471. bending effects in large mode area segmented cladding
[5] Jeong Y, Sahu J K, Payne D N, et al. Ytterbium- fibers[J]. Applied Optics, 2016, 55 (35): 9954~

doped large-core fiber laser with 1. 36 kW of 9960.

continuous-wave output power[J]. Optics Express, [16] Hooda B, Pal A, Rastogi V, et al. Segmented

2004, 12(25): 6088-6092. cladding fiber fabricated in silica-based glass [J].
[6] LiW, WuZ C, Chen X, et al. High power fiber Optical Engineering, 2015, 54(7): 075103.

laser output power breakthrough 1 kW [J]. High [17] Yeung A, Chu P L, Gang D P, et al. Design and

Power Laser and Particle Beams, 2006, 18(6): 890. fabrication of polymer cross fiber for large-core

=24, T, B, 2. RIRSLG ot b3 single-mode operation [ J]. Journal of Lightwave

P 1 kW], sG55k FH, 2006, 18(6): Technology, 2009, 27(2): 101-107.

890. [18] Ma SS, Ning T G, Pei L, et al. Bend-resistant large
[7] Sun Y H, Ke W W, Feng Y J, et al. 1030 nm mode area fiber with novel segmented cladding [J].

kilowatt-level ytterbium-doped narrow linewidth fiber Optics & Laser Technology, 2018, 98: 113-120.

amplifier[J]. Chinese Journal of Lasers, 2016, 43 [19] Cheng G X. The basic of light-wave technology[M].

(6): 0601003.

1206001-7

Beijing: Chinese Railway Press, 2000: 239-243.



th i

i ot

[20]

BRARAE . el H R JERE (M]. db . o B &% H R
#t, 2000: 239-243.

Song N, Yin Z M, Ge W P. Theoretical calculation
of the propagation characters of optical fibers [J].
Acta Photonica Sinica, 2002, 31(5): 566-569.

KT, BCOREL B O LA R R R IR T

[J]. JeF2#4i, 2002, 31(5): 566-569.

[21] Jiang H, Zhang J. Analysis on bending loss of single-
mode fiber[J]. Communications Technology, 2010,
43(4): 67-69.

LA, SR FORBE LT YA i AR A A (1] AR
A, 2010, 43(4): 67-69.

1206001-8



