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Experiment of Multi-soliton Pulses in a Mode-locked Tm/Ho Co-doped Fiber
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Abstract: The phenomenon of mutli-soliton pulse is studied in Tm/Ho-codoped fiber laser based on a
nonlinear amplified loop mirror as an artificial saturable absorber. By simply adjusting the polarization
angle of Polarization Controller (PC), the experiment not only obtained a stable single-soliton pulse, but
also observed the pulse sequences of the two-soliton, three-soliton and four-soliton. Increase the pump
power under polarization maintaining operation, the evolution of soliton energy quantization is also
obtained. The weak birefringence effect in the cavity is important for limiting the gain bandwidth and
inducing the generation of multi-soliton. Adjusting the PC is equivalent to changing the gain in the cavity,
which is the main reason for the formation of different multiple pulses states. We believe that the results
obtained will be helpful in the investigation of multi-soliton pulses dynamics in 2 pm mode-locked fiber
lasers.
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BRIz A R W s B O i F B AT AR R I IR AR (Saturable Absorber, SA) & E 4y N LA SA FLA tE
SA PR, Hi LS SA P2 SR AT 4 AT 1S 8% (Semiconductor Saturable Absorber Mirrors, SESAMs) ™
FE 4 K 45 (Carbon Nano Tubes, CNTs)™ hAC ., i A& SA LR £k P 38 i€ % %% I ( Nonlinear
Polarization Rotation, NPR)!M FIJELE 4 ik K ¥R 4% (Nonlinear Amplifying Loop Mirror, NALM)! Sy #LA1
BRI SA AT LA b & Rl G 07 2R IE AR A N (HIX S SA Y45 A5 A AR BR G Y L TN
SA H AT HS SA A HA 1Y — SR gL 35, o T NPR R0 S H R 19 A& SA W] DU Hk HL 52 SA )i
FH e 45 47 1 L i AEK 1700 X6 AL H T B D7 AR DG 21 OG # rh i 1 32 2800 S P AR 5 =X — Rl 7RSO & P 4
S ) 235 K 1) i 41 375 55 5 53— ol 30 ol i 41 A SC B 2 45 O i 't 28 R0 HC At 7T LA ke A Al 1) O “7 TC IR AR R L &
i 4 42 ) 2% > X K P R AT BRI R T AR Ty =X I A7 A I8 R 4R 4P X R R A A v R A A M R R A ] R
5 NPR &0 SR 7 20 b NALM 85 75 20 HA Hoas IR L 454 5208 | &) 4R 1Ak HL T DL B 406 2 Ak 45 4
SRR AR S PR b R S T NALM B e L ph S LS S B & B9 N J. Donran 1 D. Wood T+ 1988 4
L AR AR A 4k MO 2% 3745 (Nonlinear Optical Loop Mirror, NOLM) %& & i 3. #1] 1990 4F, B i 1]
f) M. E. Fermann 557E NOLM fJERE I 78 & AIMA T B HOCLF O & 8 BUA KT NALM 4547 Ning
SEUCRH NALM 8B 7 2 ZE R [ AR S0 R WF5E T 2 O BI0RE Tk ofr 1) i 1 R Pk 5 Cud 82 R HT CNTs
5 NALM #4 Ji 1918 A SUB0E I s, BIF5E T 25 P IE 00 19 2 41 ok o 10 R PR B S A A D B K
NALM i 75 2% F T8 8l BU8G 21 WO 4 Hh 7> 4 T 28 5 00 S0 ok o 1 o (E 95 B 9 06 18 25 A TR A
BRSB g

UTAER L2 pem I BEHY B DK M6 27 SO S 7 OE B I8 CEOG BEIT OB HUT DL SRR SRR RN A5 45 4
AR E B A AT RS Tz e B H AT IR, 3T NALM 8B HE AR AU D i SOk
2 pm P B SR O AR b i I B Bk R AT T BRI AR LD SN A B R R AR OE 2% (Thulium-
Doped Fiber Laser, TDFL) Ht [f] B 52 88 T 9K Sl R 28 B 75 BRIk vh iy L Xu 552025l i % TDFL 1848 Jis
VAL ) O B T S (R I IX T S B A G I AR SIS IR R fk o 25 22 A I R K b i Y 5 1 A, Xu AR A
P— 5T 5 A S BUE L (Ultra High Numerical Aperture, UHNA) JG£F/E R (UM TT 4, 78 1 4R I
IS BT TE €01, AT AR A5 R IR A L R mT 081 388 6 T B A Ik . B T, R AR A AN 2D SR X
P SRk v (9 3l g 2= R AT T 8 8 0 iR ST, B R L TR AR rp AR B O T B B B (1 pm AR 1.5 pm
W BO 1 S5 J7 6T 2 pem BB RO HAE T NHR 22 25 FI N K 53 F7E 2 pem BF I A 5 2009 v 21 A0 02 i
U6, PN SM28e JEEF 7 R B FE B SM1950 JE£F (£F U5 b 35 38 B G £F 41 7 R (1 3 3 % i Ak, &
FOHAE A [F) B S FER 8T 5 50 I BOAR L OGS I P 1938 25 417 98 3T I 2R DL SR AR A M RO Y R B A BT
25 M BA B 2 pem B B IR B Jik o 0 9 98 R X O 2 7 2B 1Y 25 28 ALK ok op B 2 09 40 AT, BT A
BN 2 pm B B b R AR DK i A R ) B Bl ) 2 R AT TR AR SE.

BT A SCHRGE T — A R T AR MR G AR PR B N SARY SR B IL B B B BB LR O A B 1 550 nm
2 GO % 7 S EE K LB 1 2 OB AT AR AL D) i SO0 R R O B A R L S AR A T BRI
Tk i e FEE AR AR Y 2 B 4 A I 08 B K b L 5 A SR 0 S S A B WA B T IR BRI 2 IR F
BASE o A A R L O X 22 I BB Ik o B 4 i IR 0 D PR R AT T ELAAR G A

1 TWHFEEFEE

1 o B TR 2 PR R R B 1 55 Bk 348 1 3l BRSO 7 WO 2% S2 30 2k B L 25 A TN 43 0 — A~ R Ze R ik
RIFH—A~ i [i] 35 (Unidirectional Ring. UR) . Hr ] iE 50 Y6 H oy 50 = 50 (9 22 SRl 4 K H i oy i
FAE — ' A BOG AR IR IR I b O OR AT UL 38 250G 2F 5 AR IR A A G, B R R S NALM i
WM 1 550 nm K % #F (Laser Diode, LD) (e KEI3 1 W), i@ i 1 550/2 000 I 43 & I 4%
(Wavelength Division Multiplexer, WDM)$ ZE i S A #EHOLIE N, it K ~2.5 m 283804
(Coractive, TH512) B34 25 A i (HLAE 1 550 nm Ab£F 5 W Yok ~13.3 dB/m) B 22 I o 9 HL 7 i fic. — 41
40 m B8 PR G LR 8 SR AE NALM H A £ (Clockwise, CW) F13HS £ (Counter Clockwise, CCW)
i 4 D' 22 TB) 77 A AN X R 1 1 i AR 8 22 1 R MR AR A 25 DT 55 B AR S BIARE. 5 0 [m] IR, — A i 4 T OC B
B 2% (Polarization Independent Isolator, PI-ISO) AL & 7E UR H {8 357 56 1Y 40 ) £ § , LA b 32 88 5% 2 5%, i 76
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NALM 1 UR 43 548 A —A = B 48 32 #8 (Polarization Controller, PC) 3 3 FH T 45 i 15 N W 45 25,
T Ik e e ) 43 04 5 Bl 0 AR PR O A% e AR P K i AN TR 4 i R A 0 A A A 3R R A [ AH X
W CW Gk A CCW S ik i i vty 38 43325 2o 58 e K, TR T A6 Jik o vl o0 BB AR 75 AH XoF 85 7 384 25, ik o 58 )2 3
WA A, e S IR RE BB AN L T — NG 10 5 90 B 1 X2 YRR B A 10 Y6 S 104 g i L i Ah 4
AN (b 5 5 ST BUOGE D LA 3% 43 B AL (FSL3, Rohde&-Schwarz) F156 B3R #5 (ET-5000F , EOT) it &
7R (Wave Runner 610Zi, Leroy) X H B 47 6385 45 3% A1 I S80I (9 4800 1 90 %0 v 11 5 v s & 48 0
Bz U IR I S5 4 B A OGS IR 1 19 4 B ~49 m.

1550 nm
Pump source

( ) 0
THDF
WDM PC.
CW J 2

]

50:50 22

08 8_ NALM 1 Coupler 3 UR ~
2 4

Q

]

SMF
@ CCW 90% |\ 10%

\. J U

M1 LHhEE

Fig.1 Experimental setup
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Fig.2 Output pulsetraces of the single-soliton pulse (Inset Fig.3  Output spectrum ofthe single-soliton pulse

is the corresponding oscilloscope screen-shots)
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PR 5 0 &, ply R E] 3 98 A ( Time-Bandwidth Product, TBP) 3823 2012 0] 5z Hobg BRIk 58 Az, B
AAAT
/‘\2
HH1,A0=1.03 nm,A=1 923.21 nm.c=2.997 9X10° m/s. 71515 Ar Z°N 3.87 ps.

SRy 9 IR O A B A I Ik ol 9 AR R P S v 3 S A 2 A A O A% B A AR AE 4.15 MHz B [ F
SRR AT T ARG R A 4N E R RT LUE B BRI eh AR R b 298 50 dBLIF BBl 0~
100 MHz 3y [l A3 7 51 38 B0 A ~F- 38, F 0 38 W BO0 #8848 47 76 — R MR 75 9 R85 v, 15 310 19 284 K1 ik
MUR SR RRUE.

AvAr=

c (1)
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Fig.4 RF spectrum of the single-soliton pulse (Inset is 100 MHz range spectrum diagram)
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ko e BER AN U — DA LI A ik b, {H 8 S BR bR i AR 22 90T 5K R A8 A — P iR 4,
JE IR T 07 9 25 R 0 2 A o DA v i mT LAY i b 0L %€ 380 K R 9 3 30 5 ) 1S 8 SRR =2 1] 6 T) B A
POCTE TR 1 P9 A% i — T8 A JE1 0 ~ 241 ns s AR 22 A9 P Jik st DA IR 75 38 558 80 000 11 B SR I DAAH T )k 2 1) 7
Ui Bl 32 W RE T R SR L e 5 BE IR R A AR I I 0 B AL Sl | R R B R AT LA I (] P
(30~60 min) PR35 — 4> A X A8 AE BIR A5z 17 55 G [ ik o 76 R () A O I R 25 T /0N 15 132 3t 18 i 252 3 D) R
(720~760 mW) I, AT LB 2 A 3, 37 3l i I K5 ik o it 5 52 30 200 23 B0 389 00 384, 9 50 R o A% 38 o b 4k
SEHNZE PR (760 mW~1W) , BR T 22 Hil WL %€ 1) 9 I3~ %508 A1 B2 388 i &b, 3 gl Jok o o 88 s 45 210 4 K 4
5 T3 5 SR AL UK oo JEE A S, R 2 T IS B — e e B, LRSS R AN P 8.5 Rl T IRT e A A AR AN B
e iy TV R B SRR M L e e s e 1A R R S ke T TR RSSO, T R K R R I T Y
IR~ o R A 8 45 5 4 B TR S 9 09 DI Ik i 2 2 555 T 583 119 91 ik v 2 72 58 L e 26 0k )P IR 2 L 0 [ RE 19

I {2 6.
0.04 " : 0.04
Noisy |
background — Condensed phase
Drifting 1 0.02 1
= pulses
) Aol | |5 LI
2 002f Direction R
a ) = —1 0 o 1
& I = (a) Before the quantitative
= £ 004 \ \ ;
k|
0 0.02 H
—1 0 1
Time delay/us 0 H | ‘
—1 0 1
. . Time delay/us
7 KT Hod g (b) After the quantitative

Fig.7 Soliton rain pulse traces
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Fig.8 Quantization process of chaotic multi-soliton pulse traces
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