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Fig.1 Structural diagram of SMS structure based dispersion-managed all-fiber laser
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(a) Schematic diagram of the SMS structure (b) Saturable absorption property of the saturable absorber,

dots correspond to experimental data and the line is their
fitting curve

B2 SMS & M m & F T fn B
Fig.2 Schematic and saturable absorption property of SMS structure

S b B B SMS 25 # SR GIMF 9K 3 75 B2 AR O R, 3T B8 18 R T i 45 4 1 0
MERE o O TSR GIMFE B f BRI, K SMS Z5 44 i GIMF I8 & 21 R 22 il & b o it 895 PCLBI AT
BOMOAES Ay, IRl 2L 1 PCORESHIAHR K/ B, 51 BN RS Aga, AU AR A AB, Laive
T 2
2m—+ 1

2

A,gn L + A¢NL - e ( 1)

W GIMF B AR R JEE 1] 267

2m+1 A A
Lo = - (2)

2 21 Ancmn( I)
A, A, (1) LA AT RS 08m TA 56 2R AN(2) R, i ST 51 51 1 3E 22 1 40 B8 4 i 28 i
AR Z ) B A 22, 3K — 7 T T SMS 45 % GIMF K BE R BRI . R 7 5 SMS 45 44 i BT 481 11 0% i
Rt SR FH — A BRI e R e I 25 R () AT LA, B

T=1—AT X exp

II ) — a, (3)

A, TR 53, AT RV d R B TS AOGSR , L A HOER | o o AR RIS FE o 180 1 % 52 10L& SO(E A
21.6 %0, A 2(b) Bz

2 GRoMWHm

S bl B9 GIME 64T B35 1542 8 50 pm, 5 SMF #9813 B 42 9 pm PL & HEDF (3% 42 8 pm
BRI 22 AR K, JCEF R AE7E — & MRS B FE o th T 30648 75 S0 RIS I 11 9 3 25 15 101 FE 38 31 - 5 A BB S 043
BT AR AR IS AT, TR L O #5 0 IR 10 A g v o 7 s T 2 vl 2 % R T A L )ROSR — HAE T
HEEEE TARRES ARG B E W LA TR R 951 mW 5 J2 3 2 A9 T K48 i 2 350 mW I3 45 PC, #4065 it
AP T AR o BT IHOGH IR 52 i I B0 M0 @RGSR 400 JE 0P (0 B0 B R 40, ik b e e
£F o f 2 20 17 JEV VD ) R S RN R 45 o AE IE GBI I, kb R BT K A I WA K I R BE B S 0E A BB R
DX 38k, Sk i %) I WA BK A5 1) 45 3 A R oK A B R 4, AE R ORI A AR v ik el G T 0t 2 ARk rE A RS
AR B, 283k 22 UG A ) Hh R Sk ph o N 2 1 T RGN A 750 mW B A AR Ik e i) B R R R G A 3
[ 3 (a) Ay Jr 5 Jok e i) D685, ok i iy rho s B RN 3 dB AT B8 43 5014 1 528 nm A1 37.2 nm. &1 3(b) s s b SE
I L2 119 Jbk w7 21 ok v R R S e EL AR 408 ik ol 1] B oA 37.03 nis 18] 3Ce) Ay A3 43 A S0 1 Bk A0 3  fok

0251212-3



T o AR

B 5 M O T 52 dB. SR 1 kHz 43 B 32 00 6 (9 B 85 52 3156 27.02 MHz, X0 7.4 m i . [# 3(e)
1 151 2 2R 1 5 KHz 43 FF 2380 1 1 500 MHz 6 U A% 5., 2R3 Rl 0% S5 00000 15 050 A= IR, 3R WO #1817
FasE o ISR A R 558 fn 1 3(d) bk o B BE Ry 973.2 s, XiF R AY I R A 58 R ( Time-Bandwidth Product,
TBP) K 4.65, & T 15 1 bk v (40 40 BIR A8 B0, ¢ P ok ovb 7 6 785 58 A AT Rk o ok oo ) R IR 2 v DY 2T A9 755 B € 1K
AR 2 €8 B0, 5 | S 1, AT R A 2 K B 8 D6 27V O 60 HICHE IE R R A7 A S | S5 3K v 5 B85 R 4

0.32

-30F 1528 nm 37.03 ns
<]
g 024+
37.2 nm =
g - :
= 2016}
= 7]
=
g 60 g
0.08 |
-75
1450 1500 1550 1600 1650 200 -100 0 100 200
Wavelength/nm Time/ns
(a) Output optical spectrum (b) Output pulse sequence
1.2
s Experiment
-40 é 1ok Gaussian fitting
\2’ -60 o
= § s £
g 60} T, 8
= 0 >
5 527 dB 0 80 160 240 320 400 480 =
Z Fequency/MHz 4]
3] 3
S gof =
-100
25 26 27 28 29 30 31 32
Frequency/MHz Time/ps
(c) Ratio frequency spectra in the span of 7 MHz and (d) Autocorrelation trace of output pulse

480 MHz (illustration)

B3 BT R
Fig.3 Output characteristics of the stretched pulse

PRAF A 1 D)8 L 100 mW I 1] B 52 2 20 238 DA 350 mW il %8 950 mW , i 5 B — IR Ty A5 fk,
IF (R HE O T TR 58 Ik b Y T B 2 T T SR A AR A P 4, NIRRT S G 3 dB AT S BE JE 8 2 SR 09 58 At
BWAE 58,3 dB A Y A K 37.2 nmo [A] B, B 35 2 T D S8 A 3G 0, 185 U R ) v 3 £ 1 0RO o A R
EHOM . EA) R PR S FE YRR T OGS S G EF RIE IR R R K E R 2 TR
950 mW i, 38 45 i 1) de Rt DR 1.7 mW

R T ARAS AT B R G bk b, E s 0 X bk i ik ol v BE AT R4 o BT DCF 7E 1.5 pm HA KM
1E B €0 BER B, TR ISR ] U0 9 ok R AS [ B DCF B0 4 8500 s g5 SR an 16 5. NI ol 5, BE 25
DCF KB 80, Y618 4 98 2 Wi in, 24 DCF K B 2 1.13 m i, 615 A9 3 dB 5 58 ik 2 | K M 38.5 nm. #H )
B Bk e v e AR 1] 5(b) |, Bk e S B SR /N B B 4 2 280.1 fs, BLEH TBP A 2.01. 783 R R i i #2 v,
1A ) B e S 20 W Rk A e 4 €5 FRORD B KT 5 B 45 5 19 52 B Tk 58 -5 3 0 7 A R VK 98 2 R AT A AE —
1) 25

S TR AR OG A TAE MRS E M X EOR ES A0 S OGRS AR DR R AT 1 hiE 22 50, B F% 10 min
TS5 — U B 1 K o ) S R TR fR L6 (a) TN SIS B TR IR A LR RN AR SO K S i R v A AR K
T S RN AD BRI 0 52 M SR b i L R R AR RS, oD SR RO R T R AR L i T R U
FE 6(h) , P EL /N T £0.01 mW ., P X 2y S8R5 58 2 08 R AR R E , BEITBROE S A R 4P i
FEME

0251212-4



VU, 45 R T ZROLET TR0 i A R 58 kb A

1.8
20F ]
16 <
g Z 14} /
@ -40 E" o
g —
E 212} L
z 2 /
2 60 210t o
g = / 0.185%
o8t /o
-80 06F @
1440 1500 1560 1620 1630 300 400 500 600 700 800 900 1000
Wavelength/nm Pump power/mW
(a) Variations of output optical spectrum (b) Variation line of the output power

B4 O3 e i i o 2 M ROH o F R A
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Generation of Stretched Pulse with Hundred-femtosecond Pulse Widths
Based on Multimode—fiber Interference Effect

SUN Mengru"?, JI Haiying"*, XIONG Hao'*, HONG Yao', MA Wanzhuo'’,
WANG Tianshu'’
(1 National and Local Joint Engineering Research Center of Space Optoelectronics Technology, Changchun
University of Science and Technology, Jilin 130022, China)
(2 College of Oproelectronics, Changchun University of Science and Technology, Jilin 130022, China)

Abstract: Ultrashort pulse fiber lasers have received widespread attention because they play a vital role in
telecommunications, biology, and photonics. Many mode-locking technologies have been applied to
construct passive mode—locking fiber lasers, such as semiconductor saturable absorption mirrors,
graphene, nonlinear polarization rotation, carbon nanotubes, etc. In recent years, researchers have
conducted extensive research on multimode fibers and proposed nonlinear multimode interference
technology based on multimode fibers for the generation of ultrashort pulses. Compared with traditional
mode-locked devices, multi-mode interference-based mode-locked devices have the advantages of high
damage threshold, simple structure, adjustable wavelength and controllable modulation depth. In this
study, we constructed a multimode interference mode-locked fiber laser by squeezing a piece of GIMF into
the polarization controller works as SA. By introducing the dispersion management into the cavity,
stretched pulse with 3 dB bandwidth of 37.2 nm was obtained. After compression, these pulses have a
hundred-femtosecond duration. By carefully adjusting the PC and increasing the pump power, dispersion—
managed soliton molecules was acquired, and the modulation period of spectrum is 0.32 nm. The
experimental setup of the dispersion-managed all-fiber laser based on the SMS structure is depicted in Fig.
1. A 0.8 m long piece of single-mode HEDF was utilized as the gain medium, which was pumped by two
980 nm LDs through 980/1 550 nm WDM. Unidirectional operation was ensured by polarization independent
optical isolator. The SA based on the SMS structure in the cavity was used as a mode-locking device, in
which a 0.153 m long piece of GIMF was squeezed in the PC and the polarization states of the light in the
multimode fiber was changed by tuning the PC. The net cavity dispersion can be managed by using a
segment of DCF. In the experiment, the length of DCF is 0.3 m. The GVDs of HEDF, SMF, and DCF
at 1.5 um are 15.7, 18, and —152.6 ps/nm+km, respectively. Due to the short length of the GIMF, the
dispersion effect of the GIMF was neglected. Thus, the total net cavity dispersion is calculated to be
—0.105 09 ps’, and the laser operated in negative dispersion region. Considering the pigtails of all
intracavity devices, the cavity length is 7.4 m, corresponding to the fundamental repetition frequency of
27.02 MHz. A 10: 90 OC was employed to collect 10% power from the cavity. A compressed structure
was built to acquire the minimum pulse width. In order to avoid the splitting and distortion of the pulse
caused by the excessive peak power during the power amplification process, a section of DCF was welded
between the PC and the amplifier to stretch the pulse in advance. As the gain medium of the amplifying
structure, the EDF with normal dispersion at 1 550 nm was also used as a part of dispersion compensation.
The dispersion caused by the amplifier further reduced the chirp of the pulse. When the pump 1 and pump 2
increased to 95.1 mW and 350 mW , self-starting dispersion-managed mode—locked pulse can be observed
by appropriately rotating and squeezing the GIMF inside the PC. Figure 3 shows the features of the SP
with pump 1 and pump 2 power of 95.1 mW and 750 mW. As the pump power increased, the spectral
bandwidth and output power became wider and bigger and arrived its maximum of 37.2 nm and 1.7 mW
respectively. Optimizing the length of DCF can compress the pulse from 973.2 fs to 280.1fs with the
compressed structure after the output port of cavity. When the pump 2 increased to 856 mW, the pulses
form stable soliton molecules by carefully adjusting the PC. The pulse width of a single dispersion—
managed soliton molecules is 4.04 ps, and the pulse interval is 24.1 ps, which corresponds to the 0.32 nm
spectral modulation period. The output characteristics of stretched pulses and dispersion—-managed soliton
molecules in dispersion—managed multimode interference mode—-locked fiber lasers are studied. The output
of the mode-locked pulse is realized by squeezing the graded index multimode fiber into the polarization
controller. When the total pump power is 845.1 mW, a stretched pulse with a central wavelength of
1528 nm, a 3 dB bandwidth of 37.2 nm and a pulse width of 973.2 fs is obtained by carefully adjusting the
PC. A compressor is built to acquire the minimum pulse width and the DCF is used for dispersion
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compensation to compress the pulse width of the stretched pulse to 280.1 fs. By further increasing the total
pump power to 951.1 mW and adjusting the PC, the soliton molecules are obtained, and the modulation
period of the dispersion—-managed soliton molecules is 0.32 nm, corresponding to pulse interval of 24.1 ps.
This phenomenon provides a reference for the research on multimode interference fiber lasers.

Key words: Fiber laser; Near—infrared; Multimode interference; Stretched pulse; Dispersion-managed
soliton molecules
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