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Abstract: We present an all-fiber passively mode-locked Raman laser using graphene as a saturable absorber. Different
lengths of a highly non-linear fiber presenting normal dispersion at both pump and signal wavelengths are used in the cavity to provide Raman amplification. The cavity is pumped by a
continuous wave Raman laser at 1450 nm, and generates short
pulses around 1550 nm, which depending on polarization and
filtering parameters can be either at the repetition rate of the
cavity or at higher harmonics of it.
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1. Introduction
Raman fiber lasers present additional unique characteristics that usually cannot be obtained with rare earth doped
fibers as the lasing medium. The most significant is versatility in terms of wavelength, since Raman gain is achievable throughout the complete window of transparency
of silica (300 – 2200 nm). Providing that a suitable high
power pump is provided, the Raman amplification process can be cascaded several times [1] allowing lasing
in a broad wavelength range. Such wavelength versatility
cannot be achieved using traditional lasers based on rare∗

earth-doping that have limited emission bands not broader
than a few tens of nanometers.
This concept of wavelength versatility is also valid for
short-pulsed laser sources, such as mode-locked lasers.
Mode-locking is a widely deployed technique that allows
an extensive range of pulse durations and energies to be
achieved in fiber lasers [2–6]. More specifically, modelocked lasers can take advantage of Raman amplification
to provide picosecond or sub-picosecond pulses at nonconventional wavelengths. A number of mode-locked Raman lasers have already been reported [7–10] using techniques such as the figure-of-eight geometry [7] dissipative four-wave-mixing [8] and semiconductor saturable ab-
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Figure 1 (online color at www.lphys.org) Raman oscillator configuration. HNLF – highly nonlinear fiber

sorber mirrors (SESAM) [10]. However, in order to fully
exploit the wavelength versatility of Raman amplification
with a reliable and environmentally stable technique, a single broadband non-wavelength-specific saturable absorber
is required.
Carbon nanotubes [11–13] can be a partial solution
to this problem since they can provide saturable absorption across a broad wavelength range due to the fact that
it is possible to have nanotubes with a large variety of
diameters embedded in a single device. As an example,
in [11] a single sample of carbon nanotubes was used as
a mode-locking device over the broad wavelength range
from around 1 to 2 µm. This technique of combining
Raman amplification and carbon nanotubes was experimentally demonstrated at the wavelengths of 1120 and
1660 nm [14,15].
Notwithstanding, the recent development of graphene
technology [16–19] has opened the possibility of a more
universal solution since graphenes saturable absorption is
virtually wavelength independent and therefore it can be
used as a mode-locking device across the whole silica
transparency window, which in combination with Raman
gain can produce a fully versatile wavelength independent
technique to mode-lock fiber lasers. Here we present a Raman laser mode-locked by a 4–5 layers graphene in the
dissipative soliton regime [20–24] generating hundreds of
picosecond pulses around 1550 nm.

2. Experimental setup
The laser set-up is shown in Fig. 1. It consists of an
all-fiber optical cavity pumped by a high power continuous wave (CW) Raman laser at 1450 nm in a counterpropagating configuration. The optical fibers used as the
Raman gain medium were different lengths of a singlemode speciality optical fiber (OFS Raman fiber), with an
enhanced germanium oxide (GeO2 ) concentration for an
increased Raman gain coefficient (2.5 W−1 km−1 ). The
fibers dispersion at 1550 nm was -20.5 ps/nm/km with
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a slope of 0.031 ps/nm2 /km and effective core area of
18.6 µm2 . Two wavelength division multiplexing (WDM)
couplers were used after the fiber in order to dump the
residual pump power out of the cavity, which otherwise
could have damaged the optical components of the oscillator. A polarization insensitive optical isolator was employed to ensure unidirectional propagation and a 15%
output coupler was used. The graphene saturable absorber
was introduced into the cavity through transferring a piece
of free standing few layers graphene film onto the end
facet of a fiber pigtail via the Van der Walls force [25,26],
and an intra-cavity polarization controller allowed fine adjustment of the cavity birefringence. An optical filter with
variable bandwidth was used to assist the intra-cavity pulse
shaping dynamics. The insertion loss of the graphene was
measured to be around 0.4 dB in the range from 1520 to
1580 nm.

3. Results
The initial results were obtained using a length of 100 m
non-linear fiber. In this configuration no optical filter was
employed in the cavity since the fiber gain length was insufficient to overcome the filter insertion loss of 3 dB. The
mode-locking threshold was achieved under 4.4 W pump
power, and pulsed operation was maintained up to the
maximum power of the pump source of 4.8 W. For pumping with 4.8 W, the oscilloscope trace, the optical spectrum
and the electrical or radio frequency (RF) spectrum at the
cavity output are shown in Fig. 2. The generated pulses
were 750 ps long with an average power of 8.3 mW. The
spectrum has a linewidth of 1.6 nm at 6 dB and a square
shape typical of lasers operating in the dissipative soliton
regime. The pulses were generated at a repetition rate of
315.96 MHz, which is approximately 160 times the repetition rate of a single pulse operation in a 100 m long optical
cavity. Harmonic mode-locking is likely to happen when
a saturable absorber with weak absorption is used, which
normally should be the case for a few layers of graphene
interface [27]. Moreover, since Raman amplification is effectively instantaneous, no energy can be stored; therefore
gain is available all the time making pulses likely to build
up more than once per round trip.
By changing the polarization and the pump power,
strong long-term modulations could be observed in the
pulse train as well as changes in the spectral and temporal
pulse shape. However the associated change in the repetition rate was no more than 10%. We believe the absence of
a wavelength restrictive filter meant the pulse train could
not remain stable over a period of time greater than 15 –
20 minutes. Using a 100-m length fiber, operation with a
single pulse per round trip was not achieved.
Increasing the fiber length to 200 m decreased the
threshold level to 2.6 W, and again pulsed output was obtained over the available pump power range. Using the
maximum pump power of 4.8 W and a 4.8 nm bandwidth
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Figure 2 (online color at www.lphys.org) (a) – oscilloscope temporal trace of the high harmonic mode-locked 750 ps pulses from
the cavity without filter and with 100 m of non-linear fiber, (b) –
optical spectrum, and (c) – RF trace
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Figure 3 (online color at www.lphys.org) (a) – oscilloscope
trace of the high harmonic mode-locked 600 ps pulses from the
cavity with spectral filtering and with 200 m of non-linear fiber,
(b) – optical spectrum, and (c) – RF trace
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filter centered at 1550 nm resulted in a train of 600 ps
pulses with 332.5 MHz repetition rate and 8.5 mW average power as can be seen in Fig. 3. The spectrum has a
squared shape top with a 6 dB level bandwidth of 1.2 nm;
however a substantial pedestal component was present. In
this configuration the laser was not strongly affected by
changes of polarization and pump power, and the pulses
and spectral shapes remained unchanged over a period of
hours of operation. We attribute this higher stability to the
use of the optical filter in the cavity, which is necessary
for mode-locking in the dissipative soliton regime as the
other elements of the cavity do not provide sufficient spectral filtering. The repetition rate exhibited little variation,
remaining within a few discrete values between 310 and
340 MHz.
Other filters with 12.8, 2.3, and 1.0 nm bandwidths
were also tested with the center wavelength varying in the
range from 1540 to 1560 nm. Apart from changes in the
spectral shape, single pulse per round trip mode-locking
was not observed and pulsed output was always in high
harmonics of the cavity with insignificant variations of the
pulse parameters and repetition rate. However, when the
filter was removed a single pulse per round trip operation
could be achieved, which is shown in Fig. 4. This operational regime was obtained for pump powers just above
the threshold. Further increase of the pump power caused
pulse break down and higher harmonic mode-locking.
The main cavity harmonic mode-locked pulses were
1.25 ns long, with an output average power of 4.9 mW at
0.9 MHz repetition rate, corresponding to the round trip
time of the cavity. The longer pulse duration was mainly
due to the absence of an optical filter and the longer length
of fiber, which were also sources of instability, making the
single pulse operation difficult to maintain for more than a
few minutes. The spectrum had a Gaussian-like shape with
a 6 dB bandwidth of 0.8 nm and the RF trace had a contrast
of approximately 50 dB against the noise floor.
Increasing the fiber length to 400 m leads to harmonic
mode-locking with pulse durations from 600 to 700 ps
and repetition rates from 310 to 340 MHz, depending on
pump power, filter bandwidth, central wavelength and polarization adjustment. Single pulse operation could only
be achieved when a filter with a bandwidth of 12.8 nm
was used. This time the pulse duration was 600 ps and
the average power 3.3 mW, achieved when the cavity was
pumped with 2.8 W power. The repetition rate of 500 kHz,
matched exactly the cavity round trip, and the spectral
6 dB level bandwidth was 0.6 nm. Within the pump powers from threshold to approximately 25% higher, the single
pulse regime could be maintained and exhibited significantly higher stability than that obtained with the previous
setup, without an optical filter.
In order to confirm the chirped nature of the pulse, a
signature of dissipative solitons, a 21 km length of a standard Telecom fiber (STF) was spliced to the cavity output providing anomalous dispersion to compensate the expected positive chirp on the pulses. Given the narrow spectral bandwidth (0.6 nm) and the large duration (600 ps), the
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Figure 4 (online color at www.lphys.org) (a) – oscilloscope
trace of the single-pulses mode-locked cavity without filter and
with 200 m of non-linear fiber, (b) – optical spectrum, and (c) –
RF trace
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4. Conclusion
To summarize, harmonic mode-locking of a Raman laser
was demonstrated in several configurations with the use of
a few layers of graphene as a saturable absorber. Different pulse durations and pulse shapes, as well as variable
repetition rates were obtained depending on polarization,
pump power adjustments, filter bandwidth and length of
the gain fiber. Not all of these changes were quantitatively
controlled and further studies will be carried out to explain
more completely the dynamics of this Raman laser. Single
pulse operation could also be achieved when the longer
lengths of fiber were used and a 600 ps pulse was compressed to 350 ps by 21 km of a STF. The use of an optical
filter was shown to be essential to make mode-locking stable. The demonstrated approach of combining Raman gain
and the saturable absorption of graphene for mode-locking
is a potential technique to develop wavelength versatile ultrashort pulsed sources.
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Figure 5 (online color at www.lphys.org) (a) – oscilloscope
trace of output 600 ps pulses, from high harmonic mode-locked
cavity with 400 m of non-linear fiber, to 350 ps in 21 km of STF
and (b) – the optical spectrum before and after compression

pulse was expected to possess a large chirp, indicated by
the large time-bandwidth product of 29.8, requiring about
60 km of STF to reach full compression in the ideal situation, assuming a fully linear chirp. Using 21 km of STF
with an estimated dispersion of 17 ps/nm/km the pulse
should be compressible to 385 ps, which is close to the
obtained value of 350 ps, with the discrepancy allowed for
the uncertainty on the value of dispersion. Temporal envelopes of both uncompressed and compressed pulses and
their optical spectra are shown in Fig. 5. Due to no significant changes in the optical spectra it is typical to assume
that compression because of the negative chirp of the STF
took place in the absence of significant nonlinear contributions.
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