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Bidirectional Erbium-doped Fiber Laser Mode-locked by
Single-wall Carbon Nanotubes

WANG Shi-zhong, ZHANG Zu-xing, HU Fang-ren
(School of Oproelectronic Engineering » Nanjing University of Posts and Telecommunications

Nanjing 210023, China)

Abstract: The bidirectional operation of a single-wall carbon nanotube-based passively mode-locked
erbium-doped soliton fiber laser without isolator, is demonstrated with stable output pulse trains
simultaneously from both directions of the laser cavity. The fiber laser consists of wavelength division
multiplexer, erbium-doped fiber, optical coupler, carbon nanotube, single-mode fiber and polarization
controller. By adjusting the pump power and polarization controller to analyse the output characteristics
of experimental device under different pump powers , the center wavelengths of the two opposite pulses
can be changed from 1 558 ~1 560 nm. The clockwise pulse width can be varied from 854~959 ps. The
counter clockwise pulse width can be changed from 247 ~ 624 ps. Especially, the pulse split of the
counterclockwise pulse trains has been observed.

Key words: Single-wall carbon nanotube; Passive mode-locked; Soliton fiber laser; Isolator;
Birefringence
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laser mode-locked by single-wall carbon nanotubes

2 LWERMOM

> SV Ty 25 e A R O R A 2 T
J5 1m ( Clockwise, CW ) 1 ¥ B £ JF MW
(Counterclockwise, CCW) A9 81 #5485 = £ [5] B 8 #1L. [&
2Ca) YT A 114, 6 mW I, 75 4 3L 0] g
IR 35 » I8 1 Ml 4 2 i 2 AR L O A3 ) I 4t
GBSt &t 5 i) 0 3355 B o Jok e 0l 3 [

JWGE RSy 4 5 1) 0 336 B 1 K wpep o B G G
1558.30 nm A1 1558.46 nm, 3 dB %7 %& 4 % N
~15. 6 nmAl~14. 0 nm. 1 T#OE 42T % 00, ok
AR B A g i wE , OF FLBR dh i, H T R
R 5 0 BT ik o B A e I ik ol i R AT 9F B R
Sy LT G K 0 E 30 % 5315 W i
E ko SE YR R 91, 74 oW i T 1 Jik v g 42 0
A5G LT R A 1 R A% i i v a5 5 WU B K
AR EE 30T Dk o 28 5 1 25 D6 AT I L & ad e AR

1014002- 2



R A T BURE B 2 K I T ) U DL T MO A

IS R T AT — i G L B 2 B IR RE G A 00 A g A
IR N T QU LRY B PN U K T QUIRY S
-20

114.6mW — CCW

N - =-CW
’

-30

-40

-50

Power/dBm

-60

-70

-80
1530 1540 1550 1560 1570 1580 1590

Wavelength/nm
(a) The spectra of pulses

(b) The clockwise mode-locking pulses in oscilloscope

(c) The counterclockwise mode-locking pulses in oscilloscope

B2 FEHEH 1146 mW i, BT B F @48 ok
S DL R Bt A
Fig. 2 The spectra and time domain of bidirectional mode-

locking pulses when the pump power is 114. 6 mW
E 2(b) K 2Co) BT o s & T ) LA B3t st L O
mofkooh #EOE OB 4 Sl B ~75.775 MHz H
~75.810 MHz. B T 75 i & 3 FF2F IR, 206 1 £ 5 )
Jok whr #F G5 24 SR 247 ps, R £ 5 ) ik ob S5 24 K
854 ps. BT LR E5 S, HE Wi £ O A b TR e 1Y i
R
AW TR AR K 132, 6 mW I, WA £ 5 ) #l
39 B4 7 1 Bk G T 3 Ca) L I B A I R S S
F1) Wk b A 4 43 A1 558,17 nm Fl 1 558. 32 nm,
3 dB 5L 43 ~16. 3 nm Fl~14. 6 nm. JI AT bk i
ANy 693.3 p WL gt if 4 ik sh D)3 163. 2 W,
—20

132.6mW - =-CW
-30 TREN — CCW

40

-50

Power/dBm

-60

=70

-80
1530 1540 1550 1560 1570 1580 1590

Wavelength/nm
(a) The spectra of pulses

(b) The clockwise mode-locking pulses in oscilloscope

(c) The counterclockwise mode-locking pulses in oscilloscope

B3 REhFEN 132.6 mW i, L 7 i 91 4E Bk o
o1 DL R B A
Fig. 3 The spectra and time domain of bidirectional mode-
locking pulses when the pump power is 132, 6 mW

FE 3(b) K I 3Ce) H, et T 1y DA R 386 e 4 1)
Ak b s 43 B R ~75. 812 MHz Fil~75. 800 MHz.
&l 3 o) Hv, 386 B 4 7 1) A A e 1 Ik e B, G Dk e o B 24
S 234 ps; &l 3(h) R A 4T 1) ik b B ) RE AR E L
ik b S BE 24 kg 889 ps. A F T2 1 T R A BE L Ot s
A AN KT o A B S IO B e i S K v )y e B 3 ) A
B Wk v T BRI (B AR T R 30 B Dk e B
QUL <30 Y R QU L TR SR AN I QUL

ARSI R AR Y W TR Ry 139 mW B, I
IHAEE D7 e A D 1 Bk o' 3 1 A0 B 4 Ca) L IR £

=20

—CW
- = CCW

139mW
-30 PREREN

-40

=50

Power/dBm

-60

=70

-80
1530 1540 1550 1560 1570 1580 1590
Wavelength/nm
(a) The spectra of pulses

(b) The clockwise mode-locking pulses in oscilloscope

(c) The counterclockwise mode-locking pulses in oscilloscope

W4 REshEA 139 mW B, 5 F R/ 7 w48 lkob
% DL R B
Fig. 4 The spectra and time domain of bidirectional mode-

locking pulses when the pump power is 139 mW
7 1) I BT 1w bk e P 23 5 g 1558, 30 nm
M 1558.12 nm,3dB # %5 4 B AN ~16.6 nm I
~14. 8 nm. JHEFEF ik e Dy FE5 742, 1 W, 39 B K o

1014002- 3



T

¥R

YIF A 176.6 pW. B A0E 4(b) & 4 (o) R, At
Brorm N HA 1A bkoop i, 5 koo g%
~75.762 MHz, H Jik vf 5 & 29 4 959 ps., 386 i £ 7 11
Jok o o 24 B R TE B L, N 2 A ko AR L SRk el 0
FJ~145. 39 MHz, F ik w58 5 29y 624 ps. A0 L #
SR A 132 mW I [ /N bk o, 396 5 4 A 4B bk b B
Z[E) /N bk 43 B TR A bk o SR A
4.

WA IR K 156. 6 mW B, I 41 7 ) A A
7 18] ik b Y B A 1 5 Ca) L S A 5 1 ARG gy
m ke KR 10559, 25 nm A1 559. 34 nm, 3 dB
TR ~17. 4 nm F~15. 2 nm. 5k p o %
Ny 844, 1 p W I BF Pk vl D AR 196. 0 WL 8] 5(h) K&
B 5Co) H , Bl 2 2 T T 2R 0 a0E — 25 B, GRS 4 T 1) ik
b B B LA S 33 B T 1) ok o SE B 7 AR B L 0 A D
] b RT3 2 B4 R 00 7 S B W L R T e 4 KA e
RS RET AR R, S &R R s E
TE T IR e 0 K A5 4 L BRI T 3K 28 SO0 4% 04 i b 2
ORIk ohofig aE. PO A S I B E RO Y R R
156. 6 mW.

-20

-30 P \
-40

-50

Power/dBm

-60

-70

1590

1580

1550 1560 1570

Wavelength/nm

-80
1530 1540

(a) The spectra of pulses

(b) The clockwise mode-locking pulses in oscilloscope

(¢) The counterclockwise mode-locking pulses in oscilloscope

FROE T FE N 156.6 mW B, # A B 7m0 fkor
b A A

The spectra and time domain of bidirectional mode-

A 5

Fig. 5
locking pulses when the pump power is 156. 6 mW

UnTEL 6 JIr 7S o B2 2R3 D) A 5L WU D5 1k DL
I B T5 15 S 1% Dy A R 3 (8] i O 3 3 9 23 1
T JEERL R A D A AR IR IR R AR v B SR Y
ik b B i T BOL A 902 98 R — Z W AR U £
7 1) 61 1 58 B 30 I B O 1) 1% 5 0 BT 1)
Jok A L S TS 7 i Jok b S 28 0 B 2 OB 2 L AR U DA
EERL T TR N U A A ) QU U E IS R E R TR DA
JE L DA R R T 2 1 AR A A L a3 A I I B 7 1)
ok B B T2 Ol A A S

-20

— 114.6mW

B D - = 132.6mW
30 -~ - 139mW

== 156.6mW

=50

Power/dBm

-60

=70
-80
1530 1540 1550 1560 1570 1580 1590
Wavelength/nm
(a) The spectra of CW pulses
20 — 114.6mW
30 = = 132.6mW

o~ -« - 139mW
A == 156.6mW

Power/dBm

1530 1540 1550 1560 1570 1580 1590
Wavelength/nm
(b) The spectra of CCW pulses
B 6 AR ZE T ET R 47 A Kb B 47 1A

ok i

Fig. 6 The spectra of clockwise and the counterclockwise

pulses under different pump powers
— B DU AR E B I A S50 Kk L an &l 7 Cad L XL
[i] ik i EL A A R v P O HLBE & T TR
ARG T, rhC PR 22 AR I . AL T AL D) R B Al
PRI, AT DA 5 ) b g o AR R Al 7 ()
ARSI AT SR F] 115, 5 mW I B Bk b e 9%
K #SHE 1 558. 31 nm Ab.

1014002- 4



FoR D A TR i 44 KA Y XL BUBE B BTG 2R Ot A

0.20
* Data
— Linear fit

0.16 .
g
£ 012 /
B0
5 .
(5]
z 0.08
=

0.04

0
110 120 130 140 150 160
Pump power/mW
(a) The relationship between center wavelength
difference and pump power
-20
115.5mW — CCW
-30 o™ \ - =CW

Power/dBm
&.
S

-80
1530 1540 1550 1560 1570 1580 1590

Wavelength/nm
(b) The spectra of pulses

W7 FRERBHHET NS R QK25 R
o Wk R
Fig. 7 The relationship between center wavelength

difference of bidirectional mode-locking pulses

and pump power under different pump powers

P 8 Ca) v, 18I 2 T 2 3, LA 5 1) i 11 2 2 1A
3 Bt A 5 1) i ) R 2 R AR 1 (BN B B 1)
DA K 3906 B D7 1] oty St 2 8 A L AR L R 4R 1 E
5 EL GRS 77 10 2y 2% o5 S 8 D) 3K T 8004 . it B 4
J7 ) 3y B RN 2000, B/ 8 (b i [A] — 3R
b RIS A 14 2 R I S TR VRIS NS BB A 1 I W L ]
fi 1 Ty 253 A 1 A v T A8 U B 1 S g Dy
1.0

206 = CW
z|° * CCW
|t

o7 0.4

0
110 120 130 140 150 160

Pump power/mW

(a) The relationship between P, or P, and pump power

03

= CW
* CCW

1
.

x
~

2 CCW

1 ,W

0
110 120 130 140 150 160

Pump power/mW

Output power
Pump power

(b) The relationship between output power and pump power
e FERBHET . HAR B HIES
Fig. 8 The relationship between bidirectional output powers

and pump power under different pump powers

[6] Ay 4 ) 25850 AR 2 1 s O L T A 1 K1 B 3 A
AR .

PR AN (] 75 o) B0 ASE ok v 38 B AT S T i oo G
ik b R 5 i TR R A AR K o IO IR B AN X BR A
LAY 5O IR 0 Bk R A AL T B R 5 5
et P A TR] T [ BEASE Jk i 19 b0 P A DG AT R XU
EURIER R QUIEER NP A AN Ve =i U R () F RN )
VLA H i 41 455 1) g 0 LS e 6 21 XUAT 569 5 DA T ek 742
AN TR T ) R bk e ) e A

3 &g

T BB Bk 94 KA XL 1) BRI 12 B 21 oL &% T
AR B 5 A4 AN [8] J7 1) 64 B Bk o, A AN [ D7 1l ) 43
3T QUIL SRy & S R N CIREER LR EE AR 7 P K
AN T 7 1) F) BAE Jpk e v B AR — P R Ab E AL 5K
B R] H o IR A ] — 3 R I 5 1)
T G LU B 5 1A 3 G858 WU B D 18] 0 3 D)
ARG v T30 I B 7 1) Ol 3% 2 R W (L ok R R ) R
RN S G B AT 1] L R 396 I T i D' % 2y 4 e {2 1
T s [5) B ' 3 3% Al 23 A 9, I HL e A2 P S S [R] 7 1) B
ARk a9 H e I 22 o HR e I 22 T 1) . 3 R R
Ty A [a) ik A~ AN 8] 75 1) B it 2 R R e i )
R AR L PR A5 48 E A4S A [ D7 16 i Hh ) R Bl R
UTRZI RS B | B (V2 4 51 I NS S ST DB S RV ()
AR TR 2 2R ) 3 A 38 38 ik B 5 ) B 7 A ik e
o324 I LG R Ty 23 1 HE s fe b Y S TR AN X B
A 7 LT 568 X0 T 4 i A ) A R RS A O B A
&% ik

[1] LIU Xue-ming. Interaction and motion of solitons in passively-
mode-locked fiber lasers[J]. Physical Review A, 2011, 84
(5): 1688-1690.

[2] FERMANN M, HARTL 1. Ultrafast fibre lasers[J]. Nature
Photonics, 2013, 7(7). 868-874.

1014002- 5



kT ow i

(3]

(4]

(5]

(6]

(7]

(8]

(10]

[11]

[12]

[13]

SMIRNOV S, KOBTSEV S, KUKARIN S, ez al. Three key
regimes of single pulse generation per round trip of all-normal-
dispersion fiber lasers mode-locked with nonlinear polarization
rotation[ J]. Optics Express, 2012, 20(24) ; 27447-27453.
YUN Lin, LIU Xue-ming, MAO Dong. Observation of dual-
wavelength dissipative solitons in a figure-eight erbium-doped
fiber laser[J]. Optics Express, 2012, 20(19): 20992-20997.
MAO Dong. LIU Xue-ming, LU Hua. Observation of pulse
trapping in a near-zero dispersion regimelJ]. Optics Letters .,
2012, 37(13): 2619-2621.

ZENG Chao, LIU Xue-ming, YUN Lin.
soliton laser mode-locked by single-wall carbon nanotubes[ J].
Optics Express, 2013, 21(16) . 18937-18942.

SONG Yu-feng, LI Lei, ZHANG Han, et al. Vector multi-
soliton operation and interaction in a graphene mode-locked
fiber laser[J]. Optics Express, 2013, 21(8): 10010-10018.
HE Xiao-ying, LIU Zhi-bo, WANG D N. Wavelength-
tunable, passively mode-locked fiber laser based on graphene
and chirped fiber Bragg grating[ J]. Optics Letters, 2012, 37
(12): 2394-2396.

CUI Yu-dong, LIU Xue-ming. Graphene and nanotube mode-

Bidirectional fiber

locked fiber laser emitting dissipative and conventional solitons
[J]. Optics Express, 2013, 21(16): 18969-18974.
DUAN LIU Xue-ming, MAO

Experimental observation of dissipative soliton resonance in

Li-na, Dong, et al.

an anomalous-dispersion fiber laser [ J]. Optics Express.
2012, 20(1) . 265-270.

MAO Dong, LIU Xue-ming, WANG Lei-ran, etal. Partially
polarized  wave-breaking-free  dissipative  soliton  with
superbroad spectrum in a mode-locked fiber laser[J]. Laser
Physics Letters, 2011, 8(2) . 134-138.

WANG Lei-ran, LIU Xue-ming, GONG Yong-kang, et al.
Observations of four types of pulses in a fiber laser with large
net-normal dispersion[]J]. Optics Express, 2011, 19 (8);
7616-7624.

WANG Lei-ran, LIU Xue-ming, GONG Yong-kang, et al.

Ultra-broadband high-energy pulse generation and evolution

Foundation item: The National Natural Science Foundation of China (Nos.

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

in a compact erbium-doped all-fiber laser[J]. Laser Physics
Letters, 2011, 8(5): 376-381.

ROZHIN A G, SAKAKIBARA Y, NAMIKI S, et al.
200-fs pulsed erbium-doped fiber
nanotube-polyvinyl alcohol mode locker[ ]J]. Applied Physics
Letters, 2006, 88(5);: 051118,

ZHANG Zu-xing, POPA D, WITTWER V ], etal. All-fiber

soliton

Sub-

laser using a carbon

nonlinearity- and dispersion-managed dissipative
nanotube mode-locked laser [J]. Applied Physics Letters,
2015, 107(24): 868.

KUAN Pei-wen, LI Ke-feng, ZHANG Lei, et al. 0.5-GHz
repetition rate {undamentally Tm-doped mode-locked fiber
laser[J]. IEEE Photonics Technology Letters, 2016, 28
(14): 1525-1528.

VENEDIKTOV V Y, FILATOV Y V, SHALYMOV E V.
Passive ring resonator micro-optical gyroscopes[J]. Quantum
Electronics, 2016, 46(5) . 437-446.

MAMIDALA V, WOODWARD R I, YANG Y,
Graphene-based passively mode-locked bidirectional fiber ring
laser[J]. Optics Express, 2014, 22(4); 4539-4546.

KIEU K, MANSURIPUR M. All-fiber
passively mode-locked ring laser[J]. Optics Letters, 2008, 33
(1) 64-66.

OUYANG SHUM P, WU Kan, et al.
Bidirectional passively mode-locked soliton fiber laser with a
four-port circulator[J]. Optics Letters, 2011, 36(11): 2089-
2091.

CUI Yu-dong. LIU Xue-ming. Graphene and nanotube mode-
locked fiber emitting dissipative and
solitons[ J]. Optics Express, 2013, 21(16); 18969-18974.
NISHIZAWA N, NOZAKI Y, ITOGA E, et al. Dispersion-

managed, high-power, Er-doped ultrashort-pulse f{iber laser

et al.

bidirectional

Chun-mei,

laser conventional

using carbon-nanotube polyimide film[J]. Optics Express.
2011, 19(22) . 21874-21879.

KWON W S, LEE H, KIM J H, et al. Ultrashort stretched-
pulse L-band laser using carbon-nanotube saturable absorber

[J]. Optics Express, 2015, 23(6): 7779-7785.

61274121, 61574080), the Natural Science Foundation of

Jiangsu Province (No. BK20161521), the Distinguished Professor Project of Jiangsu (No. RKO002STP14001), the Six Talent Peaks
Project in Jiangsu Province (No. 2015-XCL-023), the Talents Projects in Nanjing University of Posts and Telecommunications (Nos.

NY214002,NY215002)

1014002- 6



