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Abstract We present a 5-km-long Raman fiber laser that
delivers pulses at high harmonics of the fundamental cav-
ity repetition rate, up to 1 GHz. The observed nanosecond
pulses that propagate in an anomalous dispersion regime
possess a complex noise-like structure with a coherence time
of around 1 picosecond.

1 Introduction

All-fiber lasers have been intensively investigated due to
their scalable cavity design and alignment-free operation,
leading to their use in various domains from telecommunica-
tions to spectroscopy. The amplification process has mostly
been achieved by using rare-earth-doped fibers which limit
the range of emission wavelengths to existing bands of
fluorescence. This limitation almost disappears by using
the Raman amplification, which has already been used in
continuous-wave (cw) fiber lasers for the past two decades,
in particular for the specific physical mechanisms which oc-
cur in such long fiber cavity [1]. For short-pulse operation,
the use of Raman amplification is more recent, with the first
demonstration of a passively mode-locked Raman fiber laser
five years ago in a figure-of-eight cavity [2]. One year later,
Randoux et al. presented a Raman fiber ring laser operating
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on the fourth-order forward Raman Stokes component [3].
These two configurations used a normal cavity dispersion
scheme that promotes single pulse operation at the funda-
mental cavity repetition rate.

Harmonic mode-locking, where the laser operates at a
multiple of its fundamental frequency, is one possible so-
lution to increase the repetition rate of fiber lasers. Although
active mode-locking has allowed to generate harmonics up
to 165,000 [4], this technique is limited by the bandwidth
of electronic devices, in addition to a bulky design with a
complex setup. Since the first report in 1993 of passive har-
monic mode-locking in a soliton Er/Yb-codoped fiber laser
[5], numerous studies have followed [6-9]. In particular,
self-induced modulational instability (MI) process gener-
ates high-order harmonics in Er-doped fiber laser [10, 11]
and 160-GHz pulses in a Raman fiber laser, by using a
fiber Bragg grating [12, 13]. Considering high-harmonics
achievements with passive mode-locking using nonlinear
polarization evolution, an Er-doped double-clad fiber laser
operating on the 322nd harmonic has recently been demon-
strated [14].

In this paper, we report on a novel Raman fiber laser con-
figuration that generates train of pulses at very high harmon-
ics (up to 24,480th, 1-GHz repetition rate) through the com-
bined use of nonlinear polarization evolution and Raman
gain in a km-long cavity. The generated pulses are in fact
noise-like incoherent pulses made up of a complex ultrashort
subpulse structure [15-17]. A classical time distribution re-
construction has been used in order to indicate the plausible
pulse structure from ps to ns time scales. We further demon-
strated the tunability of repetition rate from 100 MHz to
1 GHz by controlling the intracavity polarization. This work
contributes to a further understanding of the complex time
and pulsed dynamics of Raman fiber laser.
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2 Experimental setup

The experimental setup is sketched in Fig. 1. The pump
laser is a 1480-nm cw Raman fiber laser, which couples
from 1.3 to 3 Watts into the single-mode fiber ring cavity
through a wavelength-division multiplexer (WDM). The Ra-
man gain medium is a 5-km dispersion-shifted fiber (DSF)
whose zero-dispersion wavelength is located at 1549.6 nm
and has a chromatic dispersion of 8, ~ —3.93 ps?/km at
1581.5 nm.

The DSF is enclosed between two polarization con-
trollers. In principle, for specific orientations of the po-
larization controllers, the polarization-sensitive losses in-
duced by the intracavity polarizer enable passive mode-
locking, thanks to the nonlinear polarization evolution that
takes place during propagation in the long fiber cavity [18—
20]. The polarization-insensitive optical isolator ensures that
only backward Raman-scattered field components can be re-
circulated in the cavity. We have measured the integrated
Raman gain of the DSF for the first-order Stokes backward-
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Fig. 1 (a) Raman fiber laser experimental setup. (b) Optical spectrum
at the laser output
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propagating component. This pump-power-dependent gain
increases from 10.8 dB to 26.56 dB, when the pumping
power is raised from 1.3 to 3 Watts. Finally, we have in-
serted a 1% output coupler to extract the laser signal and
measured its optical and RF spectra as well as the temporal
evolution of the optical intensity with optical and electri-
cal spectrum analyzer and a 12-GHz real-time oscilloscope.
Once the all-fibered cavity configuration is set, the regime
of operation depends on the pumping power and the orien-
tations of the polarization controllers. The lasing threshold
for the first-order backward-propagating Raman component
is 1 W. With an appropriate setting of the polarization con-
trollers, pulsed operation at either the fundamental cavity
repetition rate or its harmonics can be achieved at a pump-
ing power of 1.3 W.
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Fig. 2 Oscilloscope output signal at the fundamental frequency
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3 Experimental results

Adjusting the polarization controllers, we obtain a train of
pulses separated by 24.48 us, which corresponds to the fun-
damental cavity repetition rate of 40.85 kHz, as displayed in
Fig. 2. As shown in Fig. 1b, the lasing wavelength is around
1581.5 nm and lies inside the anomalous dispersion regime
of the fiber. This spectrum is well fitted by a 4.3-nm Gaus-
sian function, and the bandwidth is compatible with the
emission of approximately 850-fs Fourier-transform pulses.

However, the temporal magnification of the pulses in
Fig. 2 reveals a substructure, which lets us assume multi-
ple pulsing and pulse bunching as commonly found in an
anomalous dispersion regime under high pumping power
[6, 21-23]. The substructure in Fig. 2 matches to a micro-
second-long irregular bunch of pulses. Adjusting further the
orientations of the polarization controllers and increasing
the pumping power, we observe that the substructure splits
into a high-harmonic pulsed regime. Indeed, adjusting the
polarization controllers results in altering the effective non-
linear cavity transmission, which directly affects the interac-
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Fig. 3 FFT spectrum of the output signal for two different harmonic
repetition rates of (a) 1 GHz for an input power of 3 W and a mean out-
put signal of 7.5 dB m and (b) 140 MHz for input power of 2.9 W and
a mean output signal of 8 dB m. The inset is an RF spectrum recorded
from an RF analyzer and shows a supermode suppression of 40 dB

tion between pulses and the total intracavity energy [8, 22,
24].

In our case, depending on the orientations of polariza-
tion controllers, we have observed stable pulsations at the
following high harmonics of the cavity fundamental repeti-
tion rate: 100, 140, 260, 330, 410, 580, 800, 850, 950 MHz,
and 1 GHz. Two RF spectra of harmonic pulse regimes are
presented in Figs. 3a and b. In Fig. 3a, the repetition rate is
1 GHz (corresponding to about 24,480 times of the funda-
mental repetition rate of the ring cavity). We have analyzed
in details the 140-MHz-repetition rate, which is very stable,
with a low amount of supermode noise (with a dynamic of
40 dB) as shown in the inset of Fig. 3b.

Figure 4 shows pulse train (a) and autocorrelation trace (b)
of the output signal at 140 MHz. The output intensity
recorded in Fig. 4a is made with 2.5-ns-long pulses, show-
ing again a possible noisy substructure. The autocorrela-
tion trace displays a 1.4 ps-wide coherence peak on a back-
ground level of 0.4, thus demonstrating the weak tempo-
ral coherence of the laser [15]. So we can legitimately as-
sume that these 2.5-ns-long pulse structures represent irreg-
ular bunches of shorter pulses, in a way similar to the ps-
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Fig. 4 (a) Pulse train observed from oscilloscope with a 6-GHz band-
pass electronic. (b) Autocorrelation trace of the output signal. Pulse
repetition rate: 140 MHz
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Fig. 5 (a) Optical field modeled by a sum of sech, with random time
delay between them and random phase. (b) Optical spectrum associ-
ated with this optical field

time scale intensity fluctuations recently observed in long
continuous-wave Raman fiber lasers [25, 26]. This might
indicate that the physical mechanisms that are at play in
the noise-like pulses in our laser could also result from
multiple nonlinear interactions between the cavity modes
through the interplay of four-wave mixing and cavity dis-
persion [27, 28].

In order to strengthen this hypothesis, we have numeri-
cally constructed an optical field as the sum of picosecond
pulses. Then we have multiplied each of the spectral com-
ponent by a random phase noise ¢!?, where ¢ is a random
number belonging to the interval [0,27 X «], and « is a
positive real number, inferior to unity. We have multiplied
the corresponding temporal signal with a 2.5-ns Gaussian-
function. In the phase noise expression, o determines the de-
gree of correlation between the spectral modes: if « = 0, the
spectral modes are totally correlated, and the autocorrelation
trace presents no pedestal. If « = 1, the spectral modes are
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Fig. 6 (a) Autocorrelation function associated with this optical field.
(b) Zoom of the central autocorrelation function shows a full width at
half maximum of 1.7 ps

totally decorrelated, and the autocorrelation trace presents a
pedestal of 50%.

In this reconstruction, we have used o = 0.828 in order
to obtain a pedestal of 40%, in concordance with the ex-
perimental results. The hypothetical optical field envelope is
represented in Fig. 5a, and the associated optical spectrum
in Fig. 5b has been fitted with a 3-nm Gaussian function,
a bandwidth similar to the experimental one. Correspond-
ingly, Fig. 6a shows the calculated autocorrelation trace,
with a magnification in Fig. 6b in a good agreement with
the experimental autocorrelation trace.

4 Conclusions
We have experimentally demonstrated a high-harmonic par-

tially mode-locked Raman fiber laser, operating on the back-
ward first-Stokes component. The pulses are generated with



Noise-like pulses generated at high harmonics in a partially-mode-locked km-long Raman fiber laser 287

a repetition rate up to 24400 times the fundamental cavity
repetition rate and are associated with noise-like substruc-
tures as was observed in Ref. [15] for the fundamental cav-
ity rate of an erbium-doped laser. In addition to bringing new
results on the relatively unexplored area of mode-locked Ra-
man fiber lasers, we confirm the importance of noise-like
pulses among self-organized pulsed dynamics that can arise
in long fiber laser cavities. It is also remarkable that noise-
like pulse can be manifested with high harmonics.
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