ETHRENTR 980 nm K ERARIAIE AL 5
RiERE FAE KFR KRR BLE R OMASE PR
AR Futi
R, RUOEBE B AR, :I 430070

wE

NAARERE 980 nm P BB ARG A HOL S B KR (20/130 um) Z /MR
(9/125 um) FIFEGHIFE R, A SCHEH 2 I B R DA 5 S
FILAC I IE R AR . R B R e 47 SLBUR PR 8 4, FRidE il xt
BSOS UAMEBS B IR S . 2 B HI & 10 3 H B &
FC AL A2 H EHE 1 980 nm 4T HOLER R AT IE . RAFIEH
RR N 15.15%, F6-HREN 13.65%. BN AHIBIZERLE G, KSR
RIFN 14.18%, Ho-J6RFEN 12.63%, HigiEhc 2 H 5 i A FER K
N 0.34 dB. i R & L 2% £F 980 nm YR BL S 546 33 A T 0.7dB,
TEAHTR RGEH B NN 0.76 dB (R MFA 5, RAFRBE L K-
FHHCR T AER 12.71% 5 11.43%. SiHEERSEAEL, B
ERC AR TREA MR, RORTHEZE . %7 R NESEE 980 nm HLFH0OE
AR G IR AL T — P RO B R T R

K. BZERCAs, 980 nmOLLTHULE:, HIEEILL, LAY

PACS: 42.79.Gn, 42.79.Ry, 42.55.Wd, 42.81.Bm

t B{E/E#H. Fmail: dainl@hust. edu. cn
HB—1EF.Email: m202373323@hust. edu. cn
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EAER, TART 980 nm P BN 8 BB 2T WOt A% N HL A AR (R 5504,
KR » & AT UL AE 0™ A2 S 206150, I8 mT AR A o e B 1 is A,
e BHMBEOLLT, FEERIRNFOCH BT, MRS S mARRAUEK,

KHZA % B URES (Erbium-Doped Fiber Amplifier, EDFA) FH:47 6%
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REVEIR A BRI AT AT 77 %8, (HIX T 2OKE L 980 nm 0L — & (Laser
Diode, LD) Kiifi & & S M 5K . ABRANRA IR S8R, KB I
15 980 nm L HOG AR CHE . FERLTE RN, BHOGLIEOLS (Yiterbium-Doped
Fiber Laser, YDFL) R A6 4 th4FlE, 5 EDFA RGFRAMETLF, BN
RIZEHIE

1989 4F, i [ Fg 2 i k2% Hanna 25 A\ B /RSEIL T 980 nm U BE LB

001, )5, 980 nm YGEFHOGASHIWT FLRFBHR N, FEIGLT BT

by ST ARG R S RO LT Al B R R XL 2 . TR A SRR RO 2T R 3

ARG L, WTERT ISt g G 1) A G 4F 3 — IR A B iy S 22 %
FRUST,

LS 980 nm YA HO B /& EDFA (1 G HE S VA, {HH [ 5 e D) 28 5 o

I35 405 B

JLELUS200, R, -9 EDFA 28 40 I AR Vi S N\ i 1 e Pl 5 46 4% 38 3k i T B ifE

PR . FH 2 BRI R, ™™ 1) 4 5 G R I R E B .

R T, BygdEilss (Mode Field Adapter, MFA) {E N4ERE AL S,

] P AR ORI G de A, PR BE HRRPLE 1 980 nm {5 57 IO B Y

AL 5 HERARRCR , HEIT i R SE B AR e I 5 R A R . SR, B

MEA 3877 ZEH7 DURURS B /RS 2 . 3 NEREE BB, 38t bl 55k EU IR

B ACR . TR R EE I IR S AT, G HCRFE A SRR )R (AR P S A

EESEDIEISR

PRt, MFA B3R s IS o 120 980 nm 62 WO s ST AL I S B T

FEIRAT . 45 MFA BEAEBHIRATRE 153745 1 VL 0 55 77 T HR A5 S8 188 v Ik 980 nm
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JLLT oA I [ 45 P i oc il S 458, ERN e D i e HUTURL S RN (1) 980 nm

LA RO AR GUE RS .

SCik R ) MFA 28541 T 1064 nm 5 1310 nm 385 R ELR124, Hod N

HOBA A 5 980 nm SUAF O A8 1E Y EDFA SRV 1) S s N H 37 s £ £ W J 22

o K VL I SCER AR GE Y MFA PEEES S

1 SCERY MFA PR 28

Table 1. Main simulation parameters

LA TAEMKmm  HAGLT i OELr Hl&LTE NP FE/dB
[ B R 2 AR K
1060 4/125 20/400 hES R OEE 0.3
22[21]
| N 1064 10/130 6/125 APs 0.41
KK Z23 1310 8.2/125 50/125 HiHE, AP 0.02
g R AR 1064 5.3/125 25/400 hESHY EEES 0.23
AL 976 20/130 9/125 R Lg+3#dg it 0.34

BTN R, T RTIORA M TR SRR, b KRR R 17

HERFERER, RPPUEBIEA E E AT ORI A, itn, SCHER[2315 eI [

PARB IR FEAE, (A TAE T m B, H AT X s R i 1 5 A8 TAE AN,

SCHR[2417E 1064 nm ¢ EES28L 7 0.23 dB FRARARRE, H Hofi A4 HOB A J7 [3) 7

Bisp 2 Ky, SATAEMR. M2 T, AT 980 nm FIHPEL, XS




20/130 um A7 IELT % 9/125 wm FAEAX e VS 5, 1 52 0L &

girf sl 1 0.34 dB 13 A SRR, AN [ BUEPERE MFA (1T T2

fEf T2 b, CERT R E ER SO AR 5 R SROREIT, F# =44

IR AT PR 1] DL S I K g FE AR 7 VLIS, e+ B e A R Rbidsy, {H it T

I A 0 E Al 5 e A PR o R R R R VAR i R RIRE A AR . DA

EErE oA, SRR MEA 78 1 um B TAES KN 1020 nm~1080 nm, A G4T

N 20/125 um Y64, HHIOGLE N 6/125 um Y Hil060 YT E, #HAHFEAET 0.5

dB; 7 —Fi A MFA {£ 1 um 3B TAESE KN 1100 nm~1200 nm, 5 Hi 35 R AH A

A HOCTBCE, HIR BRI 1064 nmy DR 1 mW 264 N RAEN

0.45 dB. Fif ™ fi 35 R 7 7 980 nm P B, H LI T 2% R F— Ay R,

A LI i B S B [ i G 4 et SRS R E U 1 o 28 SEBRIIR, 22 R ] MFA

£ 980 nm AP PO A8 £ S8 1 A A\ 4L iF - 0.7 dB, Xk RAR A i S AR VA

EXEARFER AT 2R . P, EEXF 980 nm ik BBl v 1 BB AR 37 16 i 2% L

A3 A ) I P SRS B U

PR ER e, ARSCER IR T T — P T 3 R AEOL4T (Graded-Index
Optical Fiber, GIOF) {45 & \tm G 4F iy S RILAL T B MFA J7%. BHE
FECET AL FL A AT AT 56 3 oA, PP D8 K RE N SEBDG SR A AT R £
B e PR, e OB VD OB 7 A SR B . R 4 (1 MFA SRR H &
FEE 980 nm YL HOG R ARG, LI T &K 0.34 dB BHEAIRAE. A TAEN
980 nm B i S LG L OGS BT T I A7 L BC R, 4R 4L 1 — b &k AT SER

R T &

2 BRENRL R



2.1 BRENLTEFE AN
H R A AF 2 M (P AR P 5 R G A, I3 A i R T LA ) 4 B R 4y
A LR XA 3T 5 3R M OB e KA g IR ) 7 JE S . ST MR, 38 I B

EET T A

nclad > l"> a

(1)
okt (r) RBE BB 0 - A HIHT T, ny ILFAL (1 = 0)HTH R, @y
HLF LT AR, r RSB OIBER, 0, ORI, AR

RE, EXN:

n, —n’
A —_0 2clad
2n, @)
R A A BUHE S, R AT ORI IR P TR -
. 2.
r(z) =40+ sm2 : sin[ k z+ arctan l_cr"
k \/n2 —k*r} —sin®i sini
0 0 (3)

R4 GV AT AL, DG AE H SR AT 2188 B 1 E SR AL 4 . AT A G

Z 8 n, A k i I, DGR FARAE SRR AT IR Y1945 (A 67 B v, AT 46 A DA i SE[A]

T
NENUE R BRI, ST AR RS iR, B MATLAB X B A
L AR AT BRI (EBHORE Nn, =1.47, k=1HZRMF T, Y

T =M A FEYIaa AT b AR IEE, S RIN:
=0, i=x/6 PO AL, ANAEHITD

=1, i=0 (LG PATTHD

=2, i=nx/3 CBARMOGSRMAENI




PIE A R 1 P, — 28 SR EIARAE A IE X PR P A, H IR IE 5 A

o W S AR T W80 S () » AT ELRRIOAIE [ UG R DG e A N

B 1B R OBt AR P

Fig.1. Propagation trajectory of light in graded-index optical fiber

H RO B RERY P, OGA iy B e 2 I — A PR B

E, REAN:

ko @)

¥

2 2 [
nO _nclad _ no 2A

a a , (5)

PRI e e — IR e R, BIMRIER H A, i 22 S KR 52 i 3R 0] Al £ i

k:

MR B . R, (LR A mP (m = 1,2,3...) PR b
L MY AT IRAS BRI BE R ST 50 B0 3 55 Ao, SR S PR 5 R £
55— 1 T YL I P FE MIPA FO 78 SR

] MATLAB #440L [ n, =1.47, k=11 H RAECLT A HHOEL I SEEETR L,

AR AP 2 s . JGER FAT B PR AN P I 1 [ AR .




2 HRACA N AL AR I

Fig.2. The focusing condition of light rays inside a graded-index optical fiber

BT EIRHVER R, BB AR IIRKE L SR, nIsg
B AN CI R AR M 25 L= P/2, NI 0 ROGIR (B o
o R O AT (BORES ), RZIMA: = L=P, it 5
A REGR KRR B, BRI L SO RS A 5S4
a, RIER N S 5 Y i 2 18] SEBURR € (MR ELAR 4 b, AT AE 28 E E %
e LA R AN [ G 2T 22 8] AR A 37 UG P 1

EARVE T, AL AT AT, M B RIT LB

L=nP+0.5P(n>1), R W5 hn e i o 300, HLdn i o637 0 A FLAT B B 1

LI R e B A S | L LA AN

ISIINEPANE L - vea w1 B N1 O AT 170 30 R ) e ;DO W el

22 I3 A 5 e %) o B e SR Ve A o 3K — A PR A ol L RO SE DRI AR e PR AR

AL (R FRAR Yo, e BE AR 7 P A% (0 i S i g SR IR R AT PR S TR R

k.

22 iR 5L
=5 980 nm JEF O S E A B AU S R, K HEEeE
HRGEAF . RE, ARFFEHIGE B bR 2 Bt —F MFA, SZILM 20/130 um KA%370%

2F R H AR W R ROERE . AR B S 6/125 um, HUESL

£ NA=0.14 1) Hi1060 B CLAE )y MFA B%r i, B85 WA= E A
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2134

BT H AR, K RSoft #AF 1] BeamPROP A HRFEAT # A5 . i 3 fios,
i BB B = K BN A 20/130 um TEVEEET, MFA E4CH H R A4,
i th i A Hil060 FRARGLT, B R Bt fl 7 FoR et it . 12T R G 0 i
SR AT (4T 5 % S O S A & BRI SR A7 BT A 2280 R 2 .

Kl 3 Rsoft fij FL 15
Fig.3. Rsoft simulation modeling
®2 PHIEESH

Table 2. Main simulation parameters

24 HUAH

GRS IES 1
TARRAS 976 nm
20/130 pm YeEF£F 47 5t % 1.4593
20/130 um YEEFEL 23T 4% 1.4571
Hi1060 JYG2T £ 3 3 1.464
Hil060 JGLFEL 23T 3 F 1.4573
H IR E T % 1.4571
H R A CHE 20 pm
HERENTOEER 130 um




H1F BeamPROP L ER AL S H5 158 35 5147 56 256, AHER B0, B SR A 2F i1
WA YA AT, R A SO SN AT T . Rsoft 04 T 2 3K 1 4T 5
EXMANHERAE R, HAMICRF LT A — b3 HAPEUERN 0 e XN
FaEHTHE, HRAET IO NF RN LA E T 5 AR T 26 . 5 iS4
SRR N7 TE RS, T4 SRR A Y, DR £ S X 3 A R R e 3R 3K
M0,

T B R AL Wy AT S AR, R MATLAB A2 BOos B 2F 2548
THT AT 5 SRR o BB AP 400 10 um, P 100X 100 FR) RO AR o 76 [ 2 1
EHT %, =145TURTHE T, CAAF SO T I 26 ny (E N ME— A8 5, Jl i 35 n,
EU s ) AN T AR A S 23 A

TR TS 2R S E R A P 5 AR B S
R, ng AFAE— AKX Y ng DG CAnBa G 2956256 1, 475 Sph ik
AN, SHARERMPEK, SCRSEREIE, BB EAL K, MG/
Yot ULhc. tn=n, =1.4593 Inf, (iR RWE 4 . TiEER, RERLR

B EARKE 10 pm VLE, S BBOLL I Bie, HREHCR SIS

Kl 4 20Tl 2 1.4593 T HE R (a) e il (b) By EARAALIE
Fig.4. Simulation results for a core center refractive index of 1.4593 (a) Optical field distribution

diagram (b) Mode field diameter variation diagram
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Yn, i, BRI PR, R EAE R, (Ha SECRAHERRHMILK,
HE T RO R A, UK BRI B RECHE . W2n, =150, (TRER
WE s fin. HE R, ERESORER, a4 EiE, xR~
B, FIRTIFEARVILARIE 10%.

K5 2ROt R 1S T AR (a) ek (b) #nERZRLE
Fig.5. Simulation results for a core center refractive index of 1.5 (a) Optical field distribution
diagram (b) Mode field diameter variation diagram

et Bk, e B RGFILES” 5 RO 2 TR B T
AT ny AT T RGNERSHEH T H . Dl in 5 Hil060 SFAEDCLT R &
WFE N PN IR AR, BRAHIE 1 8F X 25 O 25 1 B 0 25 0 b I Bt 5
n, =1.4655 . FERLBHT, JiHREHRGMEHHREL N 0.5dB, HAE R
K 6 o, W OGHREEE A TR Gt DG ET
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6 JEHZ Hil060 JeLF IR LI HET R () Sl (b) B ERZEE
Fig.6. Optimal simulation results for connecting Hil060 fiber (a) Optical field distribution diagram
(b) Mode field diameter variation diagram

SR, 0.5 dB ARG BUFEXS T SRR e R i v S AR M S N T =, S
AR ERA R iR, XS 2T Hil060 YL BU/N#i B
12 SN B I BUE AL, HEXDE R 2 RN R 1 B R AL LT 28 e fig
TIWFEor KA. Bk, it — D REBAFEHR IR, T MR EET 10 A 5K
IR TS 5

2.3 AR
FF DL BT, B 4T Hi1060 Y2F BE 4y NA = 0.12 17 9/125_um FAR

L. FAXTTF Hil060 H4F, 9/125 um WLk, FEikly EAMAH N &

K, ixt B R A I M VL Ei s 22 R, 8 5 SRR A £

AHBFFELA 9/125 um PBIELF Ry H b, o R EECLAF HILF S b 03T i 56 ny 3E
177 EHAL . DT EEIREW, &In A6 1.4607. B F HALRMNE 7 Fros.
WL AR N TR L L) 96 %, Xof RARFEL) 0.26 dB. %Ak X N (47 56 26341 [T 4
AU 8 FivR .

B 7 &R 9/125 pm DB IR A R () JeIn i (b) By BRI
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Fig.7. Optimal simulation results for connecting 9/125 pm fiber (a) Optical field distribution

diagram (b) Mode field diameter variation diagram

B8 [ R AL % B
Fig.8. Graded-index optical fiber refractive index profile
HT AR IR BRI, ERKEEHE L=nP+0.5P(n21) M5
T, BRI AAE S R e R R, e B A E R M. ARIE
GARMYE M, BT 2. 5. 7 L AME SRR AL e fi
i 9 FroR, ZAbJeIn oA e B3 H N ) Th AR AR th & 10 PR,
H/A AN DI Z AR EAEL) 96.0%, R AHFEL 0.26 dB, FEMEIUESE [ K E A M IE

ik, B RESCLFUIHIR AL 1 n S

K19 73RIHE 20 5. 7 DNERFERERR 9/125 pm GLF D AT K _(a) 55 2 RS _(b) 5K

Fig.9. Optical field distribution diagrams of connecting 9/125 um fibers at 2, 5, and 7 focal points
12



respectively (a) 2nd focal point (b) 5th focal point (c) 7th focal point

B 10 22 AIFE 2 5+ 7 AN EREEAIERE 9/125 pm FBDGET ) Th R AL
Fig.10. Power variation diagrams of connecting 9/125 pm single-mode fiber at 2, 5, and 7 focal
points respectively
IPASERR T2, W SEBRBI 0 B RIS (B 1D 5 AR

DA HLR M P, ~450 um o TE3 R L=nP

actual

e +0.5P,,., (n=1) K
N XA IR A SRR EEAT T R, W& 12 PR, BOGHESS 2. 5.
7 AR FAL R RO & B IABOGEE . AR A — e Dh AR AR s 13 R,
1E L3R & mUAb % AR N T B LI RRE TE 97.0% /5 40, X AR A& LN 0.13

dBC

K11 REDCLT S ZF S = F T

Fig.11. Measured core refractive index profile of graded-index optical fiber
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K12 il i B RO 73 AAE 20 5 7 DR RTERL 9/125 pm LT D6 AT B _(a) 2R
2 BREER_(b) BB 5 REER _(0) T RER
Fig.12. Optical field distribution diagrams of the prepared graded-index optical fibers, connected to
9/125 pm fibers at 2, 5, and 7 focal points respectively (a) 2nd focal point (b) 5th focal point (c)

7th focal point

13 & 1 B REL o HIE 20 5. 7 ANREEFUERE 9/125 pm BEBOGLF D) R AL
Fig.13. Power variation diagrams of the prepared graded-index optical fibers connected to 9/125

pum single-mode fibers at 2, 5, and 7 focusing points respectively

3 XB4ER LA
31 R RE IR
HET 4 BRI n, = 14607 RATEERR AR, X SEBR 1 3 B AT

PO E . S R M W Ar R ORI RS E 8 0010 mm , A B IF S
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L =nP

actual

+0.5P

actual

(n>1) PREE 5 0.001 mm, il 5 K 25 D0 55 L\ 2 R

theory

=150.075 mm , £ EME L. =150.08 mm -

exp

0.01 mm %I, i n=3330F, L,
IR 5N BB KT RE K 2 £0.005 mm, SUAREAB P, B4 1.1%,
TN T A TE R R W TR, i R 22 X i R 43 A
G URE IR 52 0 7] 2B AT

IR 2 O L A REEDRET, #4784 B R ADOLLT MFA FE i,
e HFN 976 nm LT FRIMK R g0 bl & Ham A BiFE. WK RFEWE 14 Fis, #%
ARG L 976 nm BEEHOGH) LD OtiE, LR N Hil060 Y64F, f R Tl
L) 250 mW o AREILSE R SR AR O A% R G0 PO 20/130 um KA I 627 4
M3z, fEEIREEAN—RH MFA, 68 E 2 — B 20/130 um H4FH .
i H 3 i FHl Thorlabs PM100D A4- BRIINE Th . b RGN 976 nm HLAEL I R

gt RIS FE 1 MFA HilJE AL IR 5 P, 43 LR 20 A5 MFA i

AFi

a:—IOIgg
0, (6)

Kl 14 ABREAFNRRREN
Fig.14. Structure of graded-index optical fiber test system
9/125_um B LT 57 A MFA it Sin 20/130_ um D6 4T BHIEHFE N 2.15
dB. VIHIKEEN L, KB REOCAIHEERER SR, 2l ERA A RELL M

9/125_um FARSCET AT % HDE DI, 8 TR ARSI i A5, DI
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N 3 fin. WIEHFE AT 0.73 dB £ 1.20 dB 2 1A], “FH{E N 0.94+0.14 dB.
X — g5 R T O BT B TR, SRR R T SERRE A A E AN T AR
BHMTAER -

B3 K Lep 1 BACLT SN

Table 3. Measured loss of graded-index optical fiber with length Lexp

B KA BikE/dB
1 1.20
2 0.98
3 0.87
1 0.73
5 0.88
6 1.07
7 0.84
8 0.97

3.2 RS RS

ST, MWZEEEIET DB AR E AR . R BRIER R,
A7ME LA CRAEAE D) B0 7 T 3018 SR AR e /NIl 1) s 22K 5 880 8 SR A 4
S o ) SE BRI BAR R T30 HE, TS 9/125 um SUBDGAF R R EC, 51N
BOMOAGBFE. KR, B R ZH 20 ST R F 2R R

R EIRREC, S BB RAT G AL B T LZM-100 KLY CO,
WOLHR, Th& 18.54 W=0.5 W, WOLLTHm 221t 2 mm VEA— M IN#JE I, #H
WK 200s, FEAMEIIHR 6 Yk, JERIAH 3 %2 5 4rEh, w3k S B R AL
SR BN ULEC K 9/125 wm SGET s o K BLRAL G DS SRS IR KEE L
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FE BECAFIAEE, MIRSEEER) MFA 28447, /45 T 5K 0.22 dB FIHEA

FE. 584 MFA 5401 15 s

Kl 15 58% MFA 4544
Fig.15. Complete MFA structure

NV IZ T Z AR E AT R, ERESHCN T T 2R % 5
e GUirai RRW, 4R ZHEA MBI T E 2 HIAE 0.4 dB LAWY, 1EB] T Lk
R T e Bk,

RUMRACH LRI X L R . RERY B, REGRACHFER 0.73 dB;
Mgl 9125 um ARG )G, RIRFERZEES 0.22dB, FiRIA 70%. X—
iR NGE, BEEHA JJMIESE TR SCHER BRI B SR EDOLLT MFA 1ERE
F) = B DR 3R 1A HE Sy S b e AR T 2 R A SR o S8 I A0S R B i 45

RO IR, Mg 7 BRBC AR, T SEIL 1A & BRI Tt

4 RGERRALE
4%/ MFA KE AR RS [ F 3510 980 nm JGLT MO0 52 A B0 T VE B IRiIE

980 nm JEEFHOL AT A U 16 Pror - iZ R S8 DL 915 nm - GARFOE A N AR IR,

KA ARAEIR I A5 . RO OE T A v A% Ol (High Reflectance-Fiber Bragg

Grating, HR-FBG) 5%t #8 & 06 4 4 i k% SG Mt ( Output Coupler-Fiber Bragg

Grating, OC-FBG) 7 Hil{F AR v i) Jim 8 5 4 tE AR B8, A IT A2 12 R AT B

U BT SO IR G Y . VIR A 3 20 1Oy — B 0.3 m ) 20/130 wm XX
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f 2B LT (Yb-doped fiber, YDE) . ARG K AN 0.3 m YDF £/, &4

B B (4 B A PTE PRAIE v o R 5 0l - S e R Y R I, A Sk

4 1030 nm UK H kST (Amplify Spontaneous Emission, ASE) B354, 7EfiH

Mo OC 2 )&, FEA T )Z Bk 4s (Cladding Power Stripper, CPS) , T

JEBR R BE 588 B I S AR B TR Y 915 nm ARV, A DR O AE

A S B 105/125 um 64T, FFAE SR R et e eI, AIER

T 8° , L H A0 VB i SRR R SO, B R TP R AR E TAE, M

E RGINAAT AT e . ZRGran i DA i DRI

16 980 nm YGEFHOG A AR L 1)
Fig.16. Overall structure of 980 nm fiber laser
Z ARG TR T R AR L E 17 s . RGEIERMINEN
10.11 W I I8 2 B 46 B, et Dh305 0.51 Wi AR D) R8T 2 68.5
W B, BRI Pk F 9.35 W &HH, DGR IMARRPRCRL N 15.15%,
- IR L)Y 13.65%.

17 980 nm JEZFHOE S H DR 5 AR TR R &R
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Fig.17. The relationship between output power and pump power of a 980 nm fiber laser
¥ EHI MFA S\ ERBOGEH RS, ARG RESEMIIE 18 Fis.
fE MFA e o, 5 _ESCRIFEDT SCOIFIR A DL R, AR DR -

MEES

18 MFA i NA5AE A R G AR 25 1)
Fig.18. Overall structure of MFA insertion loss testing system
K2 AR R L2000 4% 1) B i) MEA ARG N R GEREAT I, 20 010 s HY
Dzt il S6) Tt E I 5T NI 4 = DR EOGAS RG4S e 5 1
ATFEAR DR BRI R G AR WU A R AT R EE, BRIE R T35 4.
F 4 W RS MFA i N BFEXT L

Table 4. Comparison of insertion loss between two systems of MFA

976 nm FARE A R GLHIFE/AB L DG R GL A/ dB

0.36 0.78
0.39 0.41
0.29 0.44
0.22 0.34
0.31 0.52

MO EESE R TR, MFA £ 58 % m DI B0 G & 2 40 R B B3i A 8504, ik

% ey TAEAR T R AR N R e A R AR . X — 22 5 m] RV T DR e I
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JEARRTE AR A, D RECE SR MR R, S8 MFA
I RIS & BRI H R R fERLARAE T, HERERIR I — A~ MFA 3k43 1 0.34 dB U4
ARG AZ MFA Ja, HOtH RGN H ThARth & W& 19 Bros, HBE R
AN 1011 W, JERHH 0.37 W; 75 68.5 W Rili F, HiHIIZE PL A 8.65W,
WL (6)THE A BZ MFA FEZ)N 0.34dB, HIHHEASRIHIRE T RAMRIERL
LN 14.18%, Ho-HLBHRLIN 12.63%.

19 AR MK MFA 2 \OJGEFROL AR 2 Gl th Dh R 5 RH DI 158 &
Fig.19. The relationship between output power and pump power after integrating the MFA with the

lowest loss into a fiber laser system

H i T 1 1 G (AT E i A2 980 nm TAEPR B 20/130 um A G4 9/125 um

At CET B RS MFA . N2 VA AT S B3R AR KT, 396 B ) MIFA AT PERE

% . %5 MFA 72 5 4085 A MFA-D01-S00-20-0-1.5/1.5-A, TAEJH K 1000

nm~1100 nm, {77 980 nm J¥EZPR T, I ANA R 5 AW FLAHE ) 20/130 wm

kg, v Hi1060 4. p S ERAER) MFA B3R &5 2o, fE¥K 1064 nm.

I 1 mW TFHFEN 045 dB.

EAHE RS, K E$ MEFA B8N H MFA, SEE2NE PRI, 53

HAE 980 nm TAEZA: FIHIIEAIRFEN 0.76 dB, RERIRMEKELA 12.71%, b

G B2 11.43%. %05 H MFA it 9 Hil060 J64f, H 6] MEA #ithoh 9/125
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um JE4F, I HIS B AAEE, {H7E 980 nm SO AR 1E A EDFA ZE YR Y Y A

tH, Hil060 5 9/125 um HAE A1 3 A% EDFA B8 DG RM, R piE

BT [ S BRGS0 58

1, E i MFA B3 PR IE S BT 50%, RSEMCEENHAHE, BERTT TR

M S B ARPERE, SR M E ] T 1% i MEA £F 5S35 T A Rk 5 s P .

5% ®

ARSI IFIAE T —Fp e T 3 R AL 5 #1980 nm U
BB ER A . B H 5, RIS T ARERFRKREEEANX
L=n-P+0.5P (n>1) &N, R ARG SHEAIME T 25 R MRR B K
B, g aefham NFE R E PR, B2, KL 5 1 B ) MFA SRR B B3R
s 980 nm WA UG AR R PHATINAE . REEN MFA B, RERIZBHEN
16.07%, JG-OUREN 13.65%. HEAMERERILH HH MFA J&, RG0S AUz
17, RERMEN 14.18%, Fe-H3FE N 12.63%, MFA H S7EHLE IR TR K
HAFERACAIE 0.34 dB. fEAHIF R G, SEllldi 0.76dB (7 H MFA fi &
BRI R 12.71%, Je- BRI E 11.43%. MHECTE A, B MFA
IR FEARIE BT 50%, RGECEMBYR, BFRTT T Rl E I BARIER .
A RAMIGAE T 7 ZREME S S, oA m R A OGRS SR A 42
LT — PG B SR T
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Mode field adapter for 980 nm band based on

graded—index optical fiber

Liang Hao-Yuan Luo Yong-Hui Zhang Yu-Shuo Chen Mo Chen Dong-Xu HeLe Xing

.
Ying-Bin Peng Jing-Gang Dai Neng-Li  Li Jin-Yan
(Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology,

Wuhan 430070, China)

Abstract

High-power 980 nm fiber lasers, serving as ideal pump sources for
erbium-doped fiber amplifiers (EDFA), face a critical challenge in
efficiently coupling light from large-mode-area (LMA) fibers (typically
20/130 um) to standard single-mode fibers (SMF). The significant
mismatch in mode field diameter (MFD) between these fibers results in
severe coupling losses, often exceeding 0.7 dB for commercial mode field
adapters (MFA) operating in the 980 nm band. To address this issue, we
propose and demonstrate a novel MFA based on the synergistic
optimization of a multi-period graded-index optical fiber (GIOF) and
thermally expanded core (TEC) technology.

The proposed MFA employs a precisely designed GIOF to achieve
deterministic periodic beam focusing, enabling mode field transformation
from large to small dimensions within a fixed physical length. The
optimal length of the GIOF is determined by the formula L=nP+0.5P(n=
1), where P is the self-imaging period. To compensate for residual mode
field mismatch caused by fabrication tolerances, the receiving 9/125 um

SMEF is subjected to thermal core expansion treatment using a CO, laser,

which controllably enlarges its MFD to better match the output field of the
GIOF.

The optimized MFA is fabricated and integrated into a home-built 980 nm
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fiber laser system for validation. The bare laser system exhibits a slope
efficiency of 15.15% and an optical-to-optical efficiency of 13.65% at an
output power of 9.35 W. With the proposed MFA inserted, the system
maintains stable operation with a slope efficiency of 14.18% and an
optical-to-optical efficiency of 12.63%, corresponding to a minimum
MFA insertion loss of 0.34 dB. For comparison, based on a typical
commercial MFA insertion loss of 0.76 dB in the same band, the system
efficiency would theoretically drop to approximately 13.2% (slope
efficiency) and 11.43% (optical-to-optical efficiency). The proposed MFA
reduces the insertion loss by over 50% compared to commercial
counterparts and significantly mitigates the system efficiency penalty.

This work provides an effective and reliable device solution for
high-brightness 980 nm fiber laser pumping, demonstrating the potential
of combining GIOF and TEC technologies for high-performance mode
field management in high-power fiber laser systems.

Keywords: Mode field adapter, 980 nm fiber laser, graded-index optical fiber, fiber thermal

expansion core
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