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Fig. 1. Raman spectrum of the homemade monolayer

graphene film.
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Fig. 2. Experimental setup of the nanosecond mode-
locked Tm-doped fiber laser.

4 EWREREHM

35 2 R (5 1.672.13 WILHW)
FIPC i 7 B2, A2~ A b RN 3 £ 1) IR
T 2E ANFP B K A e, TS 4 R B 3 .
Hh kB AR 2R — ELAR E 7E 3.8 MHz T,
LIAZ K R BRI R T Q 72 A2, B A g ARb BB
B ARG LT O 2% ko 5 FE B 4 12 Th R AR 40 X R
ek, MBI ABLE B, SAhis DR M 1.67 W I
I3 2.13 WK FE A, B0 2% 1 Rk b o8 B A
94.3 ns Ji/NF 3.8 ns. T NFPBIR kb 1) 7= A5 2 |
TR AR — N A e, LT PR I
B, 3 BUR A BUE MAECE B, 1A 2 f 75
PP K e . BhAb, i Rk T AR AR R RN
R A AR 2R M R N BT BIAE — e Y Y,
BTG, A e, BN BE R AR 15 3
PETF, JE I A S TR RN R A A P B IR

SRAF I Ik i B BN B AR 7. S FRATT R W 8%
B, UhizThRE 2.13 W, Fkob sz B = A4 4y 24
AN e 4ERETE 2 BT I BTRDIRAS .

435 TR 3 2.00 W I, FIH %N
0.05 nm [ 6 3 23 BT 4O B0 2% B H OGS AT T
MW, FragRwmEs s, K, folEkN
%HOJSDHIlaﬂjh016nm,f{£ﬁmmﬁhaﬂﬂﬁﬁ
ERT 2 BH T s P A N 00 7 T Ol 2R S S ol 3 2 A K
LR, ZABAI 45 AT SCHR [31]) Hr A HRE. bk,
M 5 o RS DU BB B Kelly 55 98, % #0688
fiy L Pk g i 2R TR R AR A T ) B AR
(TBP) & X P2 i+ 5453 %] TBP HIE Fl N 451119,

-SRI F I ESCEIRTE 3

Pulse width/ns

114209-3

0.10
0.08
0.06
0.04
0.02

f M i m u
ﬂ g““?g:'& h::

1.8 ’ ey /
pow
?“mp

Intensity /arb. units

2.0 21

e, _
B s 1.7

K3 (T G) R BEE R e Boba i b bk ek 741
Wt i35 T % AL
Fig. 3.

of the nanosecond mode-locked Tm-doped fiber laser

(color online) Output pulse trains evolution

with the increase of pump power.

80

60 [

40 T

20 [

1.6 1.7 1.8 1.9 2.0 2.1 2.2
Pump power/W

4 (MR ) IR EUBES o AR OG #% Ik 98 B2 Bl il
BT (6 B s B2k 58 KE il ig Th Z2 (R 4k )

Fig. 4. (color online) Pulse width curve of the nanosec-
ond mode-locked Tm-doped fiber laser with the in-
crease of pump power. Inset, detailed pulse width

trains evolution with the increase of pump power.


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114209

—40
FWHM = 0.16 nm
—50
g
m
T
<
>
= —60
n
=]
(o
it
=
—70
—80 . . . .
2009 2010 2011 2012
Wavelength/nm

El5 g BiRB RO 38 oG
Fig. 5. Output spectrum of the nanosecond mode-
locked Tm-doped fiber laser.

—40

SPAN = 760 kHz

_50} RBW=3kHz i

|
[
)
T
.

~50 dB

Intensity/mW
| |
e N
S =

—90 ]

—100

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6
Frequency/MHz

Kl6 MBI IBAR G L IO S S i
Fig. 6. RF spectrum of the nanosecond mode-locked

Tm-doped fiber laser.

ssl T T T T T g
® Experimental data

5.0 s inear fit

4.5 ]
4.0 + ]
3.5} ]
3.0} ]

Intensity/mW

251 i
2.0} E
1.5} i

1'0 % 1 1 1
1.7 1.8 1.9 2.0 91
Pump power/W

K7 GBSO T i DR fa s D %
Az

Fig. 7. Average output power of the nanosecond mode-

locked Tm-doped fiber laser with the increase of pump

power.

e, JVRAEFOCES fa AR K v e
Sl SA M F T AE B AU RN = Al I B Bk Y

F AT SR T, EAH R SEIR 26 A T, B0 W 5 218
Rk i AT R B AR B K o F) T R T M
W s R .

5 % #

BT A B SA, AR E T IR 2 91 A B
BMBEAAPOLE. SRIMTHOLEKN
2010.15 nm. 3% % 4 0.16 nm. EEHFE A 3.8 MHz.
JiK FEAE 3.8—94.3 ns Z A AT 2 pm SR hk b
i, ATYETE R 90 ns. b, gNRD B Bk b i)
AR T N AN — AN G AR R 2 R P
PRI HPAEECT B, ok e v R U R T SR ) R
LRAMEMR OB, T R g AD B Rk o B A R R
(R WA WK, R R AR A Bk R AE 2 o 38 B R K
Bk iR R R R EEN . hoh, AR
MO A BRI, 1545 )5 TAE At — Db s
PIHRFE, AR s A0k

SE
[1] Wang Q, Geng J, Luo T, Jiang S 2009 Opt. Lett. 34
3616
[2] Liu J, Xu J, Liu K, Tan F, Wang P 2013 Opt. Lett. 38
4150

[3] Yang N, Tang Y, Xu J 2015 Laser Phys. Lett. 12 085102
[4] Kieu K, Wise F 2009 Lasers and Electro-Optics Balti-
more, Maryland USA, June 2-4 2009 pCML7
[5] Wang Y, Alam S, Obraztsova E, Pozharov A, Set S, Ya-
mashita S 2016 Opt. Lett. 41 3864
[6] Yan Z Y, Li X H, Tang Y L, Shum P, Zhang Y, Wang
Q J 2015 Opt. Express 23 4369
[7] Wang Q Q, Chen T, Chen K 2010 Lasers and Electro-
Optics San Jose, California, USA, May 16-21, 2010
pCFK7
[8] Rudy C, Urbanek K, Digonnet M, Byer R 2013 J. Light-
wave Technol. 31 1809
[9] Jin X X, Wang X, Wang X, Zhou P 2015 Appl. Opt. 54
8260
[10] Huang S S, Wang Y G, Yan P G, Zhang G L, Li H Q,
Lin R'Y 2014 Laser Phys. 24 015001
[11] Huang S S, Wang Y G, Yan P G, Zhao J Q, Li H Q, Lin
R Y 2014 Opt. Express 22 11417
[12] Bonaccorso F, Sun Z, Hasan T, Ferrari A C 2010 Nature
Photon. 4 611
[13] Bao Q, Zhang H, Wang Y, Ni Z H, Yan Y L, Shen Z X,
Loh K P, Tang Y T 2009 Adv. Funct. Mater. 19 3077
[14] Zhang M, Kelleher E, Torrisi F, Sun Z, Hasan T, Popa
D, Wang F, Ferrari A, Popov S, Taylor J 2012 Opt. Ez-
press 20 25077
[15] Sobon G, Sotor J, Pasternak I, Krajewska A, Strupinski
W, Abramski K 2013 Opt. Express 21 12797

114209-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1364/OL.34.003616
http://dx.doi.org/10.1364/OL.34.003616
http://dx.doi.org/10.1088/1612-2011/12/8/085102
http://dx.doi.org/10.1364/OL.41.003864
http://dx.doi.org/10.1364/OE.23.004369
http://dx.doi.org/10.1109/JLT.2013.2258891
http://dx.doi.org/10.1109/JLT.2013.2258891
http://dx.doi.org/10.1364/AO.54.008260
http://dx.doi.org/10.1364/AO.54.008260
http://dx.doi.org/10.1088/1054-660X/24/1/015001
http://dx.doi.org/10.1364/OE.22.011417
http://dx.doi.org/10.1038/nphoton.2010.186
http://dx.doi.org/10.1038/nphoton.2010.186
http://dx.doi.org/10.1002/adfm.v19:19
http://dx.doi.org/10.1364/OE.20.025077
http://dx.doi.org/10.1364/OE.20.025077
http://dx.doi.org/10.1364/OE.21.012797

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114209

[19]

[20]

21]

Wang Q Q, Chen T, Zhang B, LiM S, Lu Y F, Chen K
2013 Appl. Phys. Lett. 102 131117

Sobon G, Sotor J, Pasternak I, Krajewska A, Strupinski
W, Abramski K 2015 Opt. Exzpress 23 9339
Boguslawski J, Sotor J, Sobon G, Kozinski R, Librant K,
Aksienionek M, Lipinska L, Abramski K 2015 Photon.
Res. 3 119

Ismail M A, Harun S W, Zulkepely N R, Nor R M, Ah-
mad F, Ahmad H 2012 Appl. Opt. 51 8621

Kelleher E, Travers J, Sun Z, Rozhin A, Ferrari A 2009
Appl. Phys. Lett. 95 111108

Zhang X M, Gu C, Chen G L, Sun B, Xu L X, Wang A
T, Ming H 2012 Opt. Lett. 37 1334

Xu J, Wu S D, Liu J, Wang Q, Yang Q H, Wang P 2012
Opt. Commun. 285 4466

Kobtsev S, Kukarin S, Fedotov Y 2008 Opt. Ezpress 16
21936

Liu Z B, He X Y, Wang D N 2011 Opt. Lett. 36 3024
Azooz S, Harun S, Ahmad H, Halder A, Paul M, Pal M,
Bhadra S 2015 Chin. Phys. Lett. 32 014204

[26]
27]

(28]

29]

(30]

31]

114209-5

Wang X, Zhou P, Wang X L, Xiao H, Liu Z J 2014 Opt.
Ezxpress 22 6147

Fu B, Gui L, Li X, Xiao X S, Zhu H W, Yang C X 2013
IEEE Photon. Tech. L. 25 1447

Wang W R, Zhou Y X, Li T, Wang Y L, Xie X M 2012
Acta Phys. Sin. 61 038702 (in Chinese) [ 3%, A £1Z,
ZRk, TRRAR, WHEH 2012 7244 61 038702]

Ferrari A, Meyer J, Scardaci V, Casiraghi C, Lazzeri M,
Mauri F, Piscanec S, Jiang D, Novoselov K, Roth S,
Geim A 2006 Phys. Rev. Lett. 97 187401

Graf D, Molitor F, Ensslin K, Stampfer C, Jungen A,
Hierold C 2007 Nano Lett. 7 238

Liu J, Xu J, Wang P 2012 IEEE Photon. Tech. Lett. 24
539

Zhao J Q, Wang Y G, Yan P G, Ruan S C, Zhang G L,
Li H Q, Tsang Y H 2013 Laser Phys. 23 075105

Jin C, Yang S G, Wang X J, Chen H W, Chen M H, Xie
S Z 2016 IEEE Photon. Tech. Lett. 28 1352

Kelleher E, Travers J, Ippen E, Sun Z, Ferrari A, Popov
S, Taylor J 2009 Opt. Lett. 34 3526


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1063/1.4800036
http://dx.doi.org/10.1364/OE.23.009339
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/AO.51.008621
http://dx.doi.org/10.1063/1.3207828
http://dx.doi.org/10.1063/1.3207828
http://dx.doi.org/10.1364/OL.37.001334
http://dx.doi.org/10.1016/j.optcom.2012.07.012
http://dx.doi.org/10.1016/j.optcom.2012.07.012
http://dx.doi.org/10.1364/OE.16.021936
http://dx.doi.org/10.1364/OE.16.021936
http://dx.doi.org/10.1364/OL.36.003024
http://dx.doi.org/10.1364/OE.22.006147
http://dx.doi.org/10.1364/OE.22.006147
http://dx.doi.org/10.1109/LPT.2013.2264456
http://dx.doi.org/10.1109/LPT.2013.2264456
http://wulixb.iphy.ac.cn//CN/abstract/abstract45375.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract45375.shtml
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1021/nl061702a
http://dx.doi.org/10.1109/LPT.2011.2181992
http://dx.doi.org/10.1109/LPT.2011.2181992
http://dx.doi.org/10.1088/1054-660X/23/7/075105
http://dx.doi.org/10.1109/LPT.2016.2542254
http://dx.doi.org/10.1364/OL.34.003526

) I8 % 48 Acta Phys. Sin. Vol. 66, No. 11 (2017) 114209

Nanosecond mode-locked Tm-doped fiber laser based on
graphene saturable absorber”

Wang Xiao-Fal?3)  Zhang Jun-Hong? Gao Zi-YeV
Xia Guang-Qiong? Wu Zheng-Maob?)1

1) (School of Physical Science and Technology, Southwest University, Chongqing 400715, China)
2) (Key Laboratory of Optical Fiber Communication Technology, Chongqing Education Commission, College of Optoelectronic
Engineering, Chongqing University of Posts and Telecommunications, Chongqing 400065, China)
3) (School of Mathematics and Statistics, Southwest University, Chongqing 400715, China )

( Received 14 February 2017; revised manuscript received 6 April 2017 )

Abstract

The Tm-doped mode-locked pulsed fiber lasers, which are known for their wide applications in optical communi-
cation, laser medical system and special material processing, have attracted considerable interest as novel laser sources.
Up to now, many reported Tm-doped mode-locked fiber lasers focused on emitting picosecond or femtosecond pulses at
a few megahertz (MHz) repetition rate. Actually, due to the strong chirp, large pulse width, low peak power and little
nonlinear phase accumulation characteristics in the process of power amplifier, nanosecond mode-locked fiber laser is a
representative of ideal seed source in the chirped pulse amplification (CPA) system. However, nanosecond mode-locked
fiber lasers are generally implemented with the kilometerlong cavity length, corresponding to the fundamental repetition
rate of hundreds of kilohertz. Usually, fiber lasers with such a low repetition rate are not desirable in applications of laser
material processing, nor medical treatment nor scientific researches. In this paper, we report a nanosecond mode-locked
Tm-doped fiber laser with MHz repetition rate based on graphene saturable absorber (SA). As the SA, graphene has
excellent optical properties, such as optical visualization, high transparency, ultra-fast relaxation time and nonlinear
absorption. It is not limited by the band gap either because of its zero-band-gap structure. Therefore, graphene can
be used as fast SA, with wide spectral range operated. Generally, graphene suitable for mode-locked fiber lasers can
be produced by using chemical vapor deposition (CVD), liquid phase exfoliation and mechanical exfoliation. Since the
CVD technique can obtain high-quality graphene with precisely controlled number of layers, it is always the first choice
for the manufacture of graphene. In our work, monolayer graphene layers are grown on copper foils by CVD, and then
transferred onto the end face of the fiber connector three times. Meanwhile, a narrow-band fiber Bragg grating is used to
constrain longitudinal modes of the laser intra-cavity. By simply adjusting the pump power and the polarization angle
of polarization controller, stable 2 pm nanosecond mode-locked pulses are obtained in a wide range from 3.8 ns to 94.3
ns at 3.8 MHz repetition rate. We believe that the results obtained will be helpful for investigating the CPA system at
2 um.
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