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图1. 基于石墨烯锁模器的宽带可调谐飞秒脉冲光纤激光器结构示意图
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图2. （a）自主研制的石墨烯锁模器；（b）锁模飞秒脉冲光谱图；

（c）宽带可调谐飞秒脉冲光谱图；（d）锁模飞秒脉冲序列
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Abstract

A wide-band tunable femtosecond pulse fiber laser was demonstrated by using the
intracavity-birefringence induced spectral filtering effect. The nonlinear polarization rotation
(NPR) technique is used to achieve passive mode-locking femtosecond pulses. Taking
advantage of the intracavity-birefringence induced spectral filtering effect, the center
wavelength of the mode-locked femtosecond pulse can be continuously tuned from 1532 to
1570 nm by properly rotating the polarization controller (PC). The mechanism of the
wavelength tuning operation is discussed. Furthermore, the experimental observation was

confirmed by the numerical simulations.

1. Introduction

Femtosecond pulse fiber lasers have attracted much attention
due to their potential applications in fields such as
telecommunications, medicine, biomedical research, and laser
processing [1-6]. The development of ultrashort pulse fiber
lasers, which tend to be compact, efficient and economic,
is progressing rapidly. Passive mode-locking is considered
as an effective method to achieve ultrashort pulse output.
Compared with the active mode-locking method, the passively
mode-locked one can be implemented in a more convenient
way. Moreover, the passively mode-locked fiber laser has
the advantages of good stability, low time jittering and
short pulse width. So far, the most popular techniques
which have been used to achieve passive mode-locking
are semiconductor/nanomaterial saturable absorbers [7-10],
nonlinear amplifying loop mirrors [11] and nonlinear
polarization rotation (NPR) [12, 13]. Among these, the NPR
technique has become the most common technique to produce
femtosecond pulses due to its simple and cost-effective
implementation.

On the other hand, wavelength tunability is an interesting
function for fiber laser applications [14-17]. In particular,

1054-660X/13/0351074-05$33.00

wavelength tunable fiber lasers with femtosecond pulse output
are more favorable for some practical applications. Generally,
to achieve wavelength tunable operation, a commercially
available tunable band-pass filter should be inserted into the
cavity [18, 19]. However, using a commercial band-pass
filter leads to several drawbacks, such as larger cavity
loss and being cost-ineffective. Furthermore, generally the
spectral bandwidth of the commercial filter is too narrow
to support femtosecond pulse output. Thus, in order to
realize a wavelength tunable femtosecond pulse fiber laser
with cost-effective implementation, more compact, lower loss,
larger bandwidth filters are needed.

In fact, a fiber ring laser based on the NPR technique
not only provides an artificial saturable absorption effect,
but also possesses the intrinsic feature of a spectral filtering
effect in the fiber laser [20]. The spectral filter induced by the
combination of cavity weak birefringence and the polarizer
typically has a large bandwidth, which could be much larger
than that of the commercial band-pass filter. Therefore, the
bandwidth of the spectral filter is sufficient to support the
output of the femtosecond pulse. In addition, the transmission
peak of the spectral filter can be continuously tuned by
rotating the polarization controller (PC). Therefore, it would

© 2013 AstroLtd Printed in the UK & the USA
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Figure 1. Schematic of the wide-band tunable femtosecond pulse
fiber laser.

be interesting to know whether the spectral filtering effect can
be used to generate a wide-band tunable femtosecond pulse in
a fiber ring laser.

In this work, we demonstrate a high-performance,
wavelength tunable Er-doped femtosecond pulse fiber laser
based on the intracavity-birefringence induced filter. Being
different from the previous work [20], here the intracavity-
birefringence was not intentionally enlarged. Therefore, the
bandwidth of the spectral filter can support femtosecond pulse
output. By properly rotating the PC, the center wavelength of
the mode-locked pulse could be continuously tuned from 1532
to 1570 nm, covering a wavelength range of the whole C-band.
In addition, we discussed the mechanism of the wavelength
tuning operation and the experimental results were confirmed
by the numerical simulations.

2, Experimental setup and operation principle

Figure 1 shows the schematic of the wide-band tunable
femtosecond pulse fiber laser, which is a typical setup using
the NPR mode-locking technique [12]. A 980 nm laser diode
through a 980/1550 nm wavelength-division multiplexer
(WDM) is used as the pump source. The gain medium
is a 10 m-long C-band erbium-doped fiber (EDF, Nufern)
with a GVD parameter of D = —17.3 (ps nm~') km~..
Other pigtailed fibers of the optical components used to
construct the fiber laser are standard single mode fiber (SMF).
The total length of the ring cavity is 374 m. Thus, the
fundamental repetition is 5.51 MHz. A PC was employed
to adjust the polarization states of the circulating light.
Unidirectional operation and polarization selectivity were
provided by the polarization-dependent isolator (PD-ISO).
A 10/90 fiber coupler is used for the laser output. An
optical spectrum analyzer (OSA) and an oscilloscope were
used to study the laser spectrum and the output pulse train,
respectively. Furthermore, the pulse duration was measured
with a commercial autocorrelator.

Although the fibers used in this experiment are all
SMF, they could have weak birefringence due to slight
imperfections during the fabrication process and the fiber
winding. Since the fiber laser has a ring structure, it can
be equivalent to a length of birefringence fiber with two
polarizers at both ends, also called Lyot birefringence filter.

Transmission peak
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Figure 2. Calculated different transmission peak position through
adjusting the PC.

The transmission function of the intracavity-birefringence
induced filter can be described as [21, 22]:

T = cos26;cos?0; + sin®6;sin6,
+ % sin(26) ) sin(262) cos(Agr, + AeNL)-

In this transmission function, ¢; and 6, are the angles
between the polarizers and the fast axis of the fiber. Agp, =
2 L(ny — ny)/A is the linear cavity phase delay. Agny =
2 naPL cos(261)/ (Aesr) is the nonlinear cavity phase delay,
A is the operating wavelength, L corresponds to the length
of the laser ring cavity, ny is the nonlinear coefficient, P
is the instantaneous power of the input signal and Aefr is
the effective fiber core area. As we know, the transmission
channel spacing Ax can be described as AL = A%/ (ny — ny)L,
which is dependent on the birefringence. All intracavity fibers
exhibit a weak birefringence. Therefore, the birefringence
coefficient An = (ny—ny) is sufficiently small that it can make
the transmission channel spacing A large enough. The large
channel spacing can support the generation of femtosecond
pulses. Furthermore, the transmission peak positions are
related to the 6 (6,) setting. Note that the rotation of
the PC changes the angles 6; and 6,. Therefore, tuning
the transmission peak position can be achieved by properly
adjusting the PC, which is used to obtain wavelength tunable
mode-locked pulse in this experiment, as shown in figure 2.
The three curves are calculated with parameters of ) =
257/22 and 6, = 57/8 (dotted line), 6, = 167/75 and 6; =
47t /15 (fork line), and 6| = 167/75 and 6, = 37/10 (solid
ling). The fiber birefringence is n, — ny, = 0.3 x 1075,

3. Experimental results and discussions

The NPR technique was used to achieve passive mode-locking
operation in the fiber laser. The mode-locking threshold was
about 45 mW. In our experiment, the fiber laser achieved
mode-locking operation by adjusting the PC properly when
the 980 nm pump power was increased to above the mode-
locking threshold. Typically, we obtained a mode-locked
femtosecond pulse with a 3 dB spectral bandwidth of 12 nm,
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Figure 3. Mode-locked spectrum of the femtosecond pulse.

1204

Intensity (a. u)

80

15-10-05 00 05 10 15
Time (ps)

40

Intensity (a. u.)

T T T T T

T T T T
-1000 -800 -600 -400 -200 O 200 400 600 800 1000
Time (200 ns /div)

Figure 4. Mode-locked pulse train. Inset: corresponding
antocorrelation trace.

as shown in figure 3. Depending on the settings of the cavity
parameters, the mode-locked pulse could be always obtained.
Figure 4 shows the corresponding mode-locked pulse train.
As can be seen in figure 4, the fundamental repetition rate
is about 5.51 MHz, which is determined by the cavity length.
Note that the sech-like shape of the pulse is an intrinsic feature
of the passively mode-locked fiber laser operating in a net
anomalous dispersion regime. Here, if a sech pulse shape is
assumed, the duration was measured to be about 250 fs by
using a commercial autocorrelator, as shown in the inset of
figure 4. Thus, the time—bandwidth product is 0.37, indicating
that the mode-locked pulse is slightly chirped. Note that there
is a small pulse after the main pulse. It may be attributed to
pulse splitting due to the high nonlinear effect in the laser
cavity.

Next we concentrate on the wavelength tunable mode-
locking operation in our fiber laser. As discussed above,
the channel spacing of the spectral filter is related to the
intracavity-birefringence; the transmission peak position is
related to intracavity-birefringence and the polarizer taking
different angle values with the optical fiber axis (61 or 62).

1520 1540 1560 1580

Wavelength (nm)

1600 1620

Figure 5. Wide-band tunable femtosecond pulse operation from
1532 to 1570 nm.
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Figure 6. Repeatedly scanned output 17 times with a 3 min
interval.

Therefore, by rotating the PC appropriately, a femtosecond
pulse with wavelength tunable operation can be achieved.
Figure 5 shows the spectra of the wide-band tunable
mode-locked operation. As can be seen in figure 5, the center
wavelength of the mode-locked femtosecond pulse can be
continuously tuned from 1532 to 1570 nm simply by rotating
the PC, which is limited by the gain bandwidth of C-band
EDF used in our experiment. Therefore, a wider tunable
wavelength range could be obtained if a C + L band EDF
was employed.

In order to verify the stability of the proposed passively
mode-locked femtosecond pulse fiber laser, we repeatedly
scanned the laser output 17 times with a 3 min interval. The
scanned results are shown in figure 6. Here, the maximum
power fluctuation is 0.0134 dB. Referring to the dependence
of output power on pump power, the typical output power
versus pump power at 1566 nm is shown in figure 7. With
increasing pump power, the maximum output power can be
linear up to 10 mW.
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4. Numerical simulation

In our experiments, it was observed that the center wavelength
of the mode-locked pulse spectrum could be tuned when
adjusting the PC. This is due to the adjustment of the PC,
which correspondingly changes the polarization angle (6; and
65). To confirm our experimental observation, we have carried
out a numerical simulation which was based on the following
coupled complex Ginzburg-Landau equations (GLEs) [23,
241:

ou ou i %u B Pu
—=ipu—0—— 5+ 7
dz at 2 92 6 ar
. 2 iy g g u
2, 2 2
+17<‘u‘ +§‘V‘ >M+?V u*+§u+T%W €3]
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— = LAVEEE. S ¢
+1y<\v\ +3\u\ >V+ Sl +2V+2S2§8t2 @)

Here, the # and v of the equation are two orthogonal
normalized polarized modes along the slow and fast fiber axes.
2B =2 (ny — ny)/A = 27t/ Ly is the wavenumber difference
between the two orthogonal polarized modes and I, is the
beat length. 26 = 28i/2mc is the inverse group velocity
difference. g is the second-order dispersion coefficient, g
is the third-order dispersion coefficient and y represents the
nonlinearity of the fiber. g is the saturable gain coefficient of
the fiber and §2; is the bandwidth of the laser gain. For SMF,
g = 0; for EDF, we considered the gain saturation as follows:

_ Sl + P de
g=geop|————F |
s

where g, is the small signal gain coefficient and Es is
the normalized saturation energy. In order to make the
simulation possibly close to the experimental sitnation, we
used a reasonable set of parameters: y =3 W1 km™!, Qg =
20 nm, Eg = 100 pl, B = —21 ps? km™L, Byp =
19ps?km™, g = 0.1ps® km™L. L = 17 4msyp+ 10mepp +

(€)
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Figure 8. Wavelength tunable mode-locked pulse spectrum by
adjusting the PC; the gray line for & = 7/8, A®; = 0.7x; the dark
line for v = 37 /8, Ad; = 1.37.

10mgvr is the length of the cavity and Ly, = 4/L. Figure 8
shows the simulation results with gain coefficient g = 125,
different orientations of PC and linear phase shifts.

As can be seen from figure 8, when the cavity linear
phase varies and the polarizer takes different angle values
with the optical fiber axis, the center wavelength of the
mode-locked spectrum also drifts. The numerical simulation
result is consistent with experimentally observed wavelength
tunable operation by adjusting the PC.

5. Conclusion

In conclusion, we have demonstrated a wide-band tunable
femtosecond pulse all-fiber ring laser based on the intracavity-
birefringence induced filter by using the NPR technique. The
combination of PD-ISO and low birefringence fiber provides
two functions: one is an artificial saturable absorber; the other
is the tunable spectral filter. By simply adjusting the PC, the
central wavelength of the output femtosecond pulse could be
tunable from 1532 to 1570 nm continuously, which covers a
wavelength range of the whole C-band. Such a femtosecond
pulse fiber laser with wide-band tunability is compact and
cost-effective, which has useful applications in fields such as
telecommunications, medical research, biomedical research
and laser processing.
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Abstract

Passive harmonic mode-locking (HML) in a fiber laser with a microfiber-based graphene
saturable absorber (SA) is presented. The microfiber-based graphene SA is employed to
enhance the nonlinear effect of the laser cavity, which is beneficial to achieving high-order
HML operation. Depending on the pump power level, up to 101st HML (555 MHz) was
obtained. The results demonstrate that the microfiber-based graphene SA could be used as
highly nonlinear photonic devices in fiber lasers for effectively realizing high-order passive

HML operation.

(Some figures may appear in colour only in the online journal)

1. Introduction

Passively mode-locked fiber lasers have been intensively
investigated in recent years due to their wide applications
in fiber sensing, fiber device testing, ultrafast optics, and
optical communication. Depending on the cavity parameter
selections, different soliton formations could be observed
in passively mode-locked fiber lasers, such as conventional
solitons [1, 2], dissipative solitons [3-5], dissipative soliton
resonance [6-9], domain wall solitons [10], noise-like

1612-2011/13/1051074-06$33.00

solitons [11, 12], vector solitons [13-15], multi-pulse
operation [16-18], and soliton molecules [19]. Among
these, multi-pulse operation could be used to effectively
increase the repetition rate of mode-locked pulses without
decreasing the cavity length. As one kind of multi-pulse
operation, high-order harmonic mode-locking (HML) [17, 20]
could increase the repetition rate to the order of GHz [21].
In addition, the HML pulses circulating in the laser
cavity could be regularly spaced in the time domain,
which is favorable for some practical applications, such as

© 2013 AstroLtd Printed in the UK & the USA
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Figure 1. (a) Experimental setup for fabricating microfiber; (b) the microfiber glued on the glass slide; (¢) evanescent field of microfiber

observed by injecting visible light.

wavelength division multiplexing (WDM) communication
via post-spectral broadening [22] or astronomical frequency
combs via post-amplification [23]. Thus, the HML operation
in a fiber laser is of important significance in the field of laser
physics. Previous reports have shown that the highly nonlinear
effect introduced in the laser cavity could be beneficial
for generating HML pulses [24]. Therefore, apart from the
increase of the pump power (intracavity pulse energy) [25],
inserting proper highly nonlinear components into the fiber
laser is also believed to be an efficient way to achieve HML
operation.

On the other hand, graphene, a single two-dimensional
(2D) atomic layer of carbon atoms, has rapidly emerged
as an excellent material for fabricating SAs [26, 27]. The
graphene SA exhibits many advantageous properties such
as wavelength-independent saturable absorbing characteristic,
low saturable absorbing threshold, and large modulation
depth [26-29]. Very recently, graphene has been found to
possess a giant nonlinear refractive index [30], which is
about 10° times larger than that of silica fiber. Thus, the
graphene SA could be used as both a mode locker and a
highly nonlinear photonic device in fiber lasers to effectively
achieve passive mode-locking and increase the average cavity
nonlinearity [17].

Regarding the fabrication of a fiber-pigtailed graphene
SA, so far several methods have been proposed, such as using
polymer nanocomposite [31], chemical vapor deposition [32],
and optical deposition [33-35]. Generally, the interaction
length between the circulating light of the fiber laser and
the graphene is very short since there is only a small
amount of graphene on the fiber end facet, making the
nonlinear effect not strong enough. Recently, a microfiber
was proposed to deposit the graphene onto the fiber [36, 37].
With a microfiber-based graphene SA, the interaction length
between the light and graphene via the evanescent field
could be effectively increased, which greatly enhances

the nonlinear effect generated from the graphene SA. In
addition, the microfiber also decreases the effective light
area (Aefr) of the incident light, which could further increase
the average cavity nonlinear parameter. Compared to the
passive harmonic mode-locking in fiber lasers with carbon
nanotubes (CNTs) [38, 39], the interaction length between
CNTs and evanescent field is short; the maximum harmonic
order is tenth and seventh, respectively. Considering the
characteristics of the microfiber-based graphene SA discussed
above and the formation mechanism of HML, therefore a
question naturally arises as to whether the microfiber-based
graphene SA could be used to achieve high-order passive
HML operation in a fiber laser.

In this work, we report on a passive HML fiber
laser utilizing a microfiber-based graphene SA. Due to the
geometry of the microfiber-based graphene SA, the nonlinear
effect induced by the graphene SA can be much higher than
those using other fabrication methods. With the proposed
graphene SA, up to 101st HML pulses with a repetition
rate of 555 MHz were achieved in the laser cavity. It was
found that the high-order HML operation achieved in our fiber
lasers was caused by the high nonlinearity generated from the
microfiber-based graphene SA.

2. Fabrication of the graphene SA

Since the microfiber is used to deposit the graphene [36, 37],
first we fabricated a microfiber with the experimental setup
shown in figure 1(a). The bare part of the single mode fiber
(SMF) was heated by an alcohol burner and stretched at the
same time. Generally, the waist diameter of the fiber could be
tapered down to about 6 pm. Then the microfiber was taken
to glue on a glass slide which has a reservoir made of wax,
as shown in figure 1(b). After the preparation of the slide
with the microfiber, we observed the strong evanescent field
by injecting the visible light, which is shown in figure 1(c).
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Figure 2. (a) Experimental setup for graphene deposition; (b) microscopy image of graphene trapped by the evanescent fields;

(c) microscopy image of fabricated microfiber-based graphene SA.

Then a graphene/dimethyl formamide (DMF) solution
with a concentration of 0.07 mg mi~! was dripped onto
the glass slide and covered the microfiber. The experimental
setup for the deposition of graphene onto the microfiber is
shown in figure 2(a). Here, the output power of amplified
spontaneous emission (ASE) is ~17 mW. In order to generate
stronger evanescent field, the input light was amplified by
an erbium-doped fiber amplifier (EDFA). In this case, the
output power could be up to 34 mW. When we turned on
the ASE light source, the optical deposition was carried
out. For the purpose of increasing the deposition length of
graphene around the microfiber, the deposition time should
be long enough from the graphene initially deposited onto the
microfiber, ie., 40 min in our experiments. The process of
deposition was observed in situ through the microscope with
a magnification of 100-fold. As can be seen in figure 2(b), the
deposited profile of graphene onto the microfiber is uniform
and compact during the optical deposition. Since the values
of dielectric function of the substrate (microfiber) and DMF
are large, the interaction between graphene layers in solution
or on the substrate is weak. Thus, we think that it was the
graphene which was mainly deposited onto the microfiber and
not the other carbon nanostructures [40]. Then we turned off
the ASE light source and the graphene solution was taken
out by an injector. Finally, the fabricated graphene SA was
evaporated at room temperature, as presented in figure 2(c).

3. Laser performance

After preparing the microfiber-based graphene SA, we
inserted the graphene SA into the fiber ring laser cavity. A
schematic diagram of the proposed fiber laser is shown in
figure 3. Here, a ~10 m long erbium-doped fiber (EDF) with
the dispersion parameter of ~—17.3 psnm ! km~! was used
as the gain medium fiber. The EDF was forward pumped by a
980 nm laser diode through a wavelength division multiplexer

oy

980/1 SSGm\\WDM

Figure 3. Schematic of the passive HML fiber laser with a
microfiber-based graphene SA.

(WDM). A polarization insensitive isolator (PI-ISO) was
employed to ensure unidirectional operation. For the purpose
of optimizing the mode-locking, one polarization controller
(PC) was utilized to adjust the polarization state of circulating
light. The laser output, which was taken by a 10% coupler,
was recorded using an optical spectrum analyzer and an
oscillograph. In addition, the pulse profile was measured with
a commercial autocorrelator.

In the experiment, the passive mode-locking operation
could be easily achieved by properly increasing the pump
power. Since the highly nonlinear effect induced by the
microfiber-based graphene SA was introduced in the laser
cavity, the fiber laser was favorable for operating in the
multi-pulse regime even if the pump power level was low.
However, if the cavity parameters were adjusted appropriately,
the single-pulse operation still could be obtained, as shown
in figure 4. In this case, the mode-locked spectrum was
centered at 1559 nm with a 3 dB spectral bandwidth of
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Figure 5. (a) Spectrum of mode-locked pulse train at 57th HML operation (312.5 MHz); (b) corresponding pulse train; (c¢) autocorrelation

trace of the 57th HML output.

4.3 nm. As can be seen in figure 4(a), the Kelly sidebands
appeared on the mode-locked spectrum, confirming that the
fiber laser operated in the soliton regime with net anomalous
dispersion [41]. The corresponding pulse train was presented
in figure 4(b). The pulse repetition rate is ~5.48 MHz, which
was determined by the total cavity length.

Then we concentrated on the multi-pulse operation of
the proposed fiber ring laser. As discussed above, with the
microfiber-based graphene SA, the fiber laser always tends
to emit multiple pulses due to the highly nonlinear effect

induced by the SA. In our fiber laser, the multiple pulses could
space randomly in the laser cavity. However, the distribution
of the pulses in the time domain could be adjusted by rotating
the PC, namely, the HML operation with equal time space
could be obtained with the PC adjustment. Therefore, with the
increasing pump power, up to 57th HML pulse train with the
repetition of 312.5 MHz was achieved. The results are shown
in figure 5. The profile of the mode-locked spectrum as well
as the 3 dB bandwidth in the HML regime is similar to that of
single-pulse operation, as presented in figure 5(a). Here, the
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center wavelength and 3 dB spectral bandwidth are 1559 nm
and 4.1 nm, respectively. Figure 5(b) shows the HML pulse
train. We have also measured the pulse duration. If a sech?
pulse profile is assumed, the pulse duration is 679 fs, as shown
in figure 5(c). Therefore, the time—bandwidth product is about
0.347, indicating that the pulse is a little chirped.

In order to further demonstrate that the observation of
high-order HML is caused by the highly nonlinear effect
of the microfiber-based graphene SA, another piece of
microfiber-based graphene SA was introduced into the fiber
ring laser. In this experiment, the fundamental repetition rate
was 5.46 MHz since the cavity length was slightly changed.
As expected, the high-order HML could also be easily
observed again with the proposed graphene SA. Figure 6
presents the mode-locked spectrum and the temporal profile of
the case of the stable 101st HML operation. As can be seen in
figure 6(a), the 3 dB bandwidth of the mode-locked spectrum
is 0.44 nm and the center wavelength is 1558.5 nm. Here, the
pulse duration is measured to be about 10.45 ps; the repetition
rate of the mode-locked pulse is 555 MHz, as shown in
figure 6(b). In addition, for purposes of comparison, we have
used a graphene SA fabricated by the conventional optical
deposition method [42] in the fiber ring laser. However, the
HML was not so frequently observed even if the cavity
parameters (such as PC setting and pump power level)
were carefully adjusted. These results demonstrated that the
high-order HML operation is caused by the highly nonlinear
effect of the microfiber-based graphene SA. Note also that the
cavity length used in the present experiment is a little long,
which leads to a lower fundamental repetition rate. Therefore,
we could obtain an HML pulse with higher repetition rate
if we further reduce the cavity length for the same order of
HML, i.e. 101st HML.

4. Conclusion

In conclusion, we have demonstrated a high-order HML fiber
ring laser by employing a microfiber-based graphene SA.
The graphene SA was fabricated by the optically manipulated
graphene deposition method, which serves as both the highly
nonlinear component and the SA in the laser cavity. With the
proposed graphene SA, up to 101st HML with a repetition

rate of 555 MHz was achieved. The experimental design and
the results demonstrate that the microfiber-based graphene SA
could be used as a highly nonlinear photonic device in a fiber
laser for related applications such as high-order HML.
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The pulse dynamics operating in dissipative soliton resonance (DSR) region is experimentally investigated in a fiber
ring laser. With the increase of pump power, the pulse profile transit from sech-like to rectangular shape was ob-
served. The generated pulse in DSR region exhibits the conventional soliton spectrum with sideband generation.
The duration-tuning range of the rectangular pulse is up to the cavity roundtrip time. Particularly, during the process
of pulse duration broadening it was found that the rectangular pulse would trap a weak pulse generated from cw

background. The obtained results may be useful for better understanding the DSR phenomenon.

Society of America
OCIS codes: 140.3500, 060.5530, 140.4050.

Passively mode-locked fiber lasers, as powerful tools for
generation of ultra-short pulse, have been intensively
investigated due to their wide applications in fields such
as optical communications, material processing, micro-
scopy, medicine, and sensing. In particular, high-energy
pulse fiber laser is more favorable for some practical ap-
plications. Therefore, there is always a strong motivation
to study new operation regimes for increasing the pulse
energy. Generally, the pulse energy of a mode-locked fi-
ber laser operating in the anomalous-dispersion regime
was restricted to a low level, i.e., ~0.1 nJ [1]. Following
by the concept of dispersion managed fiber lasers [2], the
pulse energy can be efficiently increased by engineering
the cavity dispersion. llday et al. successfully demon-
strated the self-similar pulse propagation in a net normal
dispersion fiber laser, which allows the pulse energy up
to 10nJ [3]. Lately, the amplifier similariton was observed
in a laser cavity, providing an excellent way for scaling
up the pulse energy [4]. Other achievements show that
the pulse energy can be over 20 nJ by using an all-normal
dispersion laser cavity [5,6]. However, utilizing the afore-
mentioned methods the multipulse oscillation may still
occur with the increasing intracavity pulse energy. A pop-
ular trend to lower the nonlinear effect is to increase the
fiber mode area by employing microstructure large mode
area (LMA) gain fiber [7,8]. However, the microstructure
LMA fiber is difficult to integrate with single mode fiber
(SMF) through the conventional fusion technology, mak-
ing the fiber laser non-all-fiber design.

Very recently, a novel concept known as dissipative
soliton resonance (DSR) was proposed to increase the
single-pulse energy from a fiber laser [9-14]. DSR phe-
nomenon features the generation of flattop dissipative
soliton without wave-breaking under certain parameter
selections in the frame of complex Ginzburg-Landau
equation. With the increasing pump power, the rec-
tangular pulse increased the pulse width while almost
keeping the amplitude constant. Thus, the pulse energy
could be increased greatly with the pump power. The
experimental observations of DSR in fiber lasers were
demonstrated in allmormal and anomalous dispersion

0146-9592/12/224777-03$15.00/0
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regimes [15-17]. Nevertheless, they only focused on
the investigation of the relation between the pump power
and the duration of rectangular dissipative soliton.

In fact, it was theoretically shown that the dissipative
soliton operating in DSR region could be sech-like shape
at a low pump power [12,13], indicating that there exists
a transition state of the obtained pulse from sech-like
to rectangular shape with the increasing pump power.
Furthermore, the pulse dynamics during the process of
pulse duration broadening has not been experimentally
investigated before. Finally, it was known that the pulse
duration operating in DSR broadens with the increasing
pump power. Naturally, a question arises as to whether
the pulse duration would be increased to the cavity round
trip time of the fiber laser. Therefore, the investigations
of the abovementioned issues would be beneficial to
further understanding the DSR phenomenon in fiber
lasers.

In this Letter, we report on the experimental observa-
tion of pulse dynamics of DSR in a passively mode-locked
fiber ring laser. The pulse profile transited from
sech-like to rectangular shape was first verified experi-
mentally. When the pulse duration broadens with the in-
creasing pump power, we found that the pulse could trap
a weak pulse generated from cw background. Moreover,
the large duration-tuning range of rectangular pulse up to
cavity roundtrip time was also observed.

The schematic of the fiber laser for observing DSR
phenomenon is shown in Fig. 1, which is a typical setup
using nonlinear polarization rotation (NPR) technique. A
5 m long erbium-doped fiber with group velocity disper-
sion (GVD) parameter of 7.9 ps/nm/km is used as the
gain medium. The length of fiber pigtails of other optical
components is 9.5 m standard SMF. Thus, the net cavity
dispersion is 0.201 ps/nm. Unidirectional operation and
polarization selectivity are provided by the polarization-
dependent isolator. A polarization controller (PC) is used
to adjust the polarization state of circulating light. The
output was taken by a 50% fiber coupler. The laser output
was recorded by an optical spectrum analyzer and an
oscilloscope (LeCroy WaveRunner 104MXi, 1 GHz) with

© 2012 Optical Society of America
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Fig. 1. (Color online) Schematic of the passively mode-locked

fiber laser.

a photodetector (Tektronix P6713, 300 MHz). In addition,
the pulse profile was measured with an autocorrelator.

The NPR technique was used to achieve the mode-
locking state. The mode-locking threshold was about
31 mW in our fiber laser. With proper rotation of the PC,
a notable pulse formation without wave-breaking was
shown on the oscilloscope, as we called DSR phenomen-
on. Then we fixed the PC and just changed the pump
power to observe the pulse dynamics. Figure 2(a) shows
the typical spectrum of mode-locked pulse operating in
DSR region. The 3 dB bandwidth is 5.05 nm. The soliton
sidebands appear on the mode-locked spectrum. The
generation of soliton sideband is due to the constructive
interference between the soliton pulse and dispersive
waves, which is an intrinsic feature in a passively mode-
locked fiber laser with net anomalous dispersion. The
corresponding pulse-train is presented in Fig. 2(b),
whose repetition rate is 14.06 MHz. In the experiment,
when the pump power was increased from 31 to 40 mW,
there was no evident difference shown on the oscillo-
scope due to the limited bandwidth of the photodetector.
However, when an autocorrelator was employed, it was
clearly shown that the pulse profile transited from sech-
like to triangular shape, as depicted in Fig. 3, suggesting
that the pulse should be rectangular shape at 40 mW
pump power. Correspondingly the pulse duration was in-
creased from 0.54 to 4.46 ps. Therefore, the pulse profile
evolution from sech-like to rectangular shape with in-
creasing pump power was observed. It is worth noting
that the pulse profile transformation from sech-like to
rectangular shape with increasing pump power is a sig-
nature of the DSR [12,13], which is in agreement with
the experimental results. Moreover, no fine structure of
the obtained pulse and multiple pulses were observed,
indicating that the rectangular pulse is single pulse
operation.

As predicted by the DSR theory, the rectangular pulse
duration broadens with the increasing pump strength.
However, being different from the previous reports
[15-17], we found that the rectangular pulse always
trapped a weak pulse generated from the cw background
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Fig. 2. (Color online) (a) Typical spectrum of mode-locked
pulse operating in DSR region. (b) Corresponding pulse train.
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Fig. 3. (Color online) Autocorrelation traces under different
pump powers.

during the initial process of broadening pulse duration.
The dynamics of pulse broadening is shown in Fig. 4.
Correspondingly, the pump power was increased from
41 to 105 mW. As can be seen in Fig. 4, a weak pulse
formed from cw background during the pulse broaden-
ing. The rectangular pulse and weak pulse propagated
with different group velocities in the laser cavity. Thus,
the weak pulse will drift to the rectangular pulse. When
the weak pulse comes across the rectangular pulse, the
energy of weak pulse was totally trapped by the rectan-
gular pulse. Since the peak amplitude of the rectangular
pulse almost keeps the same, the pulse duration broad-
ens each time after trapping the weak pulse due to the
energy increase. In the experimental observation, when
the pump power was increased to a higher value, i.e.,
larger than 190 mW, the trapping of weak pulse by the
rectangular pulse was hardly observed on the oscillo-
scope. It may be because the weak pulse was generated
inside the rectangular pulse. It is also worth noting that
the weak pulse can only be observed when the pump
power was carefully adjusted, i.e., 1 mW as one step. In
addition, the 3 dB bandwidth of mode-locked spectrum
was almost invariable with the pump power despite
the increasing spectral intensity.

As mentioned above, in our experiment the pulse dura-
tion could be tuned with a wide range by changing the
pump power. In particular, when the pulse duration was
increased to approach the cavity round trip time at the
pump power of 350 mW, the output pulse-train seems
to be a dark pulse-train [18], as shown in Fig. 5 with blue
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Fig. 4. (Color online) Pulse dynamics during broadening
process with increasing pump power.
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curve. However, when the leading edge just overlaps the
trailing edge of the rectangular pulse, the pulse-train
became unstable due to the interaction between the lead-
ing and trailing edge of mode-locked pulse. If the pump
power was increased to 380 mW, the pulse train was
presented as a cw-like line on the oscilloscope, as shown
in Fig. 5 with red curve. We note that the peak amplitude
of oscilloscope trace was still not changed even if the
pump power was further increased to about 400 mW. It
could be deduced that the rectangular pulse was not bro-
ken up and the cw-like line could be deemed as the pulse
duration over the cavity round trip time. It should also
be noted that as the pump power was decreased to about
350 mW, the rectangular pulse could appear again, sug-
gesting the pulse operating in DSR region is robust.

To better show the observed pulse characteristics,
Fig. 6 provides the experimentally measured pulse width
and output power versus the pump power. As can be
seen from Fig. 6, the pulse width varied from 0.54 ps to
68.2 ns when the pump power was adjusted from 31 to
350 mW. Moreover, the largest output power of rectan-
gular pulse could reach to about 80.56 mW.

We noted that the rectangular pulse without wave-
breaking can always be obtained with different rotation
states of the PC. In NPR-based fiber ring laser, the adjust-
ment of PC could lead to the variation of cavity loss at a
specific wavelength [19]. Therefore, the pump power at
which the pulse duration broadens to the cavity round
trip time is dependent on the PC settings. Referring to our
fiber laser, the pulse width, which reaches cavity round
trip time can be obtained with a pump power ranging
from 175 to 360 mW. It should also be noted that the
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pulse duration increased to cavity round trip time with
a low pump power, ie., ~350 mW in our fiber laser,
which blocks the achievement of higher pulse energy
with narrow pulse width operating in DSR region. Never-
theless, as the achieved pulse energy in DSR is related to
the cavity parameter selections of fiber laser [13], the
pulse energy could be further increased by optimizing the
cavity parameters.

In conclusion, we have investigated the pulse dy-
namics operating in DSR region in a fiber ring laser. The
spectrum of mode-locked pulse in DSR was the typical
soliton spectrum with sideband generation. It was found
that the pulse profile transited from sech-like to rectan-
gular shape with the increasing pump power. The pulse
duration increased gradually with the pump power,
which can be up to the cavity round trip time. In parti-
cular, during the initial process of pulse broadening, the
trapping of a weak pulse by the mode-locked pulse was
always observed. The obtained results may be helpful
for further understanding the pulse dynamics operating
in DSR region.
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