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Unlike a traditional fiber laser with a defined resonant cavity, a random fiber laser (RFL), whose operation is
based on distributed feedback and gain via Rayleigh scattering (RS) and stimulated Raman scattering in a long
passive fiber, has fundamental scientific challenges in pulsing operation for its remarkable cavity-free feature. For
the time being, stable pulsed RFL utilizing a passive method has not been reported. Here, we propose and
experimentally realize the passive spatiotemporal gain-modulation-induced stable pulsing operation of counter-
pumped RFL. Thanks to the good temporal stability of an employed pumping amplified spontaneous emission
source and the superiority of this pulse generation scheme, a stable and regular pulse train can be obtained.
Furthermore, the pump hysteresis and bistability phenomena with the generation of high-order Stokes light
is presented, and the dynamics of pulsing operation is discussed after the theoretical investigation of the counter-
pumped RFL. This work extends our comprehension of temporal property of RFL and paves an effective novel
avenue for the exploration of pulsed RFL with structural simplicity, low cost, and stable output. © 2017 Chinese

Laser Press
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1. INTRODUCTION

A random fiber laser (RFL), whose operation is based on the
extremely weak Rayleigh scattering (RS) provided random dis-
tributed feedback (RDFB) and Raman gain in a section of pas-
sive fiber, has attracted increasing attention in the past decades
for its special features of cavity-free, mode-free, and structural
simplicity, and for its application potential in telecommunica-
tion and distributed sensing [1–4]. The recent developments of
RFL mainly focus on the power scaling [5–7], polarization
operating [8,9], wavelength tuning [10,11], linewidth narrow-
ing [12–14], spectral coverage extending [15,16], application
for frequency doubling [17], mid-infrared light source
pumping [18,19], and so on [4].

Generally speaking, most of the previous presented RFLs
operate in a continuous-wave state with stable output. As
we know, pulsed fiber lasers (mode-locked or Q-switched ones)
have a wide range of appealing applications and can be achieved
via an active or passive method depending on whether or not a
modulator is included in the cavity [20–24]. Although mode
locking and taming of random lasers formed by nanoscale

particles have been realized via mode-selective pumping [25]
and active control of the spatial pump profile [26], a pulsing
operation state of Raman fiber laser based on a piece of
relevantly long fiber with definite resonant cavity has been re-
ported [27,28]; pulsing operation of RFLs based on hundreds
of meters and even kilometers of passive fiber has fundamental
scientific challenges for their remarkable cavity-free features
[22,23]. Additionally, mode-locking technologies, as important
routes to obtain a pulsed laser for traditional fiber lasers
[20,21], are generally not applicable to mode-free RFLs [29].
Recently, pulsed RFLs have been demonstrated via active
modulation methods such as internal modulation utilizing
electro-optical modulator [22], Q-switching with the aid of
an acousto-optic modulator [23,24], polarization modulation
employing polarization switch, and arbitrary waveform gener-
ator [30]. Simultaneously, passively methods, for instance,
Q-switching assisted by stimulated Brillouin scattering (SBS)
[31,32] and saturable absorption of monolayer grapheme
[29,33], are also important schemes for the demonstration
of pulsed RFLs. Furthermore, Zhang et al. [34] in our group
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reported the passive self-oscillation with obvious amplitude
instability and continuous-wave pedestal in high-order RFL,
which was attributed to the depletion of the pump. It is worth
noting that obtaining a stable pulse from an RFL based on a
passive method is difficult for the stochastic nature of RDFB
and SBS [35].

In this paper, we propose and realize a stable pulsed RFL via
passive spatiotemporal gain modulation. The RFL in a half-
opened cavity is counterpumped by a powerful and temporal
stable amplified spontaneous emission (ASE) source. The mea-
surements in temporal and frequency domains can prove the
good stability of an output pulse train. Furthermore, the theo-
retical simulations can fit the experimental results well and
present the spatiotemporal distributions of pump and Stokes
light in the long passive fiber. Based on this, the dynamics
of pulsing operation are discussed. Moreover, pump hysteresis
and bistability can be observed for output pulse, power, and
spectrum with the overcoming of the threshold of second-order
Stokes light. To the best of our knowledge, this is the first dem-
onstration of stable pulsing operation of RFL by a passive
modulation method.

2. EXPERIMENTAL SETUP AND RESULTS

The experimental setup of the counterpumped RFL is plotted
in Fig. 1. A fiber coupler with a coupling ratio of 50:50 at
1080 nm is utilized as the fiber loop mirror (FLM) to supply
optical feedback by splicing the output ports together. The
measured FLM reflection coefficient for the first- and second-
order Stokes light is about 90% and 50%, respectively.
Additionally, a piece of 3 km long passive fiber (G.652, 8.2 μm
core diameter, and 0.14 numerical aperture) is employed to
offer RDFB and Raman gain for the random lasing. Then, a
half-opened cavity [36] can be achieved, whose optical feedback
is provided both by the highly reflective point feedback (PFB)
from FLM and the weakly random distributed RS in the passive
fiber. The pump source we utilized is a broadband ASE light
centered at 1079.2 nm with an FWHM linewidth of about
17 nm. The pump light is injected into the passive fiber via
the first port of fiber circulator. And the random laser light

is coupled out from the cavity via the third port of the fiber
circulator.

Figure 2 illustrates the output power and spectral character-
istics of this counterpumped RFL. Below the pump threshold
of Stokes light generation (3.5 W pump power entering the
passive fiber), only transmitted pump light can be observed
in the output light from the third port of a fiber circulator.
With the increment of pump power from 3.5 to 6.51 W,
unstable random lasing can be measured with the aid of an op-
tical spectrum analyzer (OSA, 0.02 nm optical resolution),
InGaAs photodetector (5 GHz bandwidth, rise time <70 ps)
and digital phosphor oscilloscope (1 GHz bandwidth). As
shown in Fig. 2(b), several high-order Stokes light and lots
of spikes in the output spectrum can be observed with 5.36 W
pump light injected, which is typical for the multicascaded RS-
SBS generation [2,37]. The corresponding temporal character-
istic of output Stokes light at 5.36 W pump level is depicted in
Fig. 3(a). A regular pulse train and irregular giant pulse coexist
in the output signals, which agree well with the reported on–off
and multistate intermittencies of RFL near the threshold in
Ref. [38]. With the enhancement of pump power to
6.51 W, the high-order Stokes light vanishes, and the output
spectrum becomes smooth. Furthermore, a regular pulse train
can be obtained at this power level, as plotted in Fig. 3(b).
The period of the output pulse is 37.42 μs, which is about
1.27 times higher than the round-trip time 2nL∕c (n is the re-
fraction index of fiber, L is the length of the cavity, and c is the
speed of light in vacuum) in the passive fiber. In contrast
with the round-trip time, the increment of pulse period value
may be partly influenced by the multiple-scattering-induced
effective optical path enhancement in the long fiber [2,36].
Furthermore, as the Stokes light can experience optical gain
and loss simultaneously in the fiber, the increasing of pulse
period value also may be caused by the increment of effective
length of the long fiber, which is defined by Leff �
�1 − exp�−αL��∕α (α is determined by gain and loss jointly)
[39]. Additionally, a more complete investigation is worth
studying. As to the power characteristics, based on the measure-
ments of spectrum and power of output light from the third

Fig. 1. Experimental setup of the counterpumped RFL. Cir,
circulator.
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Fig. 2. Power and spectrum characteristics of the counterpumped
RFL. (a) Corresponding power of first- and second-order Stokes
light as functions of pump power. (b) Output spectra at different
pump levels.
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port of fiber circulator with the aid of OSA and power meter,
the average power of output first-order Stokes light is estimated
to be 2.13 W by numerically spectral integrating. The corre-
sponding energy of the pulse envelope is evaluated to
be about 79.7 μJ. The dynamics of the pulsing operation will
be explained in the following simulation section. With the scal-
ing of pump power from 6.51 to 12.12 W, tiny changing of
pulse period can be measured, as shown in Fig. 3(d). This may
be attributed to the alteration of optical gain in the fiber with
the enhancement of pump level, as the output pulse is associ-
ated with the pump depletion and Raman gain in the passive
fiber. At pump power of 12.12 W, the estimated average power
of output first-order Stokes light is 4.07 W. Furthermore, the
optical peak corresponding to the second-order Stokes light can
be observed with intensity 27.14 dB lower than the optical peak
of first-order Stokes light at this pump level.

The threshold of second-order Stokes light of this RFL is
about 12.75 W. At this pump level, dramatic increasing of
average power of second-order Stokes light and decreasing of
average power of first-order Stokes light can bemeasured, as pre-
sented in Fig. 2(a). Additionally, the difference of intensity
of first- and second-order Stokes light decreases to 20.89 dB.
Simultaneously, the pulse period of the first- and second-order
Stokes light both decrease to 15.89 μs, which is similar to the
transmit time (nL/c, 14.72 μs) in the passive fiber. The changing
of pulse period may also be induced by the alteration of
optical gain and loss in the fiber and agrees well with previously
reported results in Ref. [34]. Unlikely, the lasing tendency of
first- and second-order Stokes light from this RFL cannot be
concluded simply as anti-phase motion as described in the pre-
vious manuscript. Despite the sharing of the same pulse period,
the pulse shapes of first- and second-order Stokes light are not
completely identical, as displayed in the Fig. 3(c). The corre-
sponding energies of pulse envelopes of first- and second-
order Stokes light are calculated to be about 54.66 and
0.65 μJ, respectively.

Worthy of mention here is that the pulse period always
jumps at a relatively high pump power level (12.75 W,
threshold of second-order Stokes light) in the power scaling
process, and the transformation of output power and spectrum
can be simultaneously measured. In the pump power decreas-
ing process, the operation state could be maintained to a rel-
atively low pump level (11.09 W) until the pulse period
drastically increases. This phenomenon is known as pump hys-
teresis and bistability [40,41], which may be induced by the
refractivity modulation of the optical intensity or the gain sat-
uration in the long passive fiber of this pulsed RFL. The pump
hysteresis and bistability characteristics indicate that the oper-
ation state of this laser can be influenced by not only the pump
level but also by the initial state. Further dynamical investiga-
tion is ongoing.

The radio-frequency (RF) characteristics and long-time op-
eration of output pulses from this counterpumped RFL are also
measured. Figures 4(a) and 4(c) plot the corresponding RF
spectra of the first- and second-order Stokes light measured
at the fundamental repetition frequency with pump power
of 6.51 and 12.75 W (threshold of first- and second-order
Stokes light). The RF traces have contrasts of about 60 and
62 dB against the noise floor, respectively, which indicate good
stability of the output pulse and may be benefited from the
good stability feature of employed pumping ASE source [42].
Additionally, the amplitudes are only 39.2 and 46.2 dB for the
RFL pumped by traditional fiber laser in linear cavity structure,
which is similar with that presented in Fig. 1(a) of Ref. [36].
Figures 4(b) and 4(d) show the RF spectra of long-time
operation (100 s) of this RFL from 0 to 1 MHz with 6.51 and
12.75 W pump power. The RF spectra keep stable in the long
time measurements. The measurements of RF characteristics
prove that stable pulsation can be obtained from this counter-
pumped RFL.
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Fig. 3. Temporal characteristics of output pulse. Signals of output
first-order Stokes light at (a) 5.36 and (b) 6.51 W pump powers.
(c) Shapes of output first- and second-order Stokes light at 12.75 W
pump level. (d) Evolution of period as function of pump power.
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Fig. 4. RF spectra of (a) first-order Stokes light and (c) second-
order Stokes light around fundamental repetition frequency with
a resolution of 20 Hz. Long-time recording of RF spectra of (b) first-
order Stokes light and (d) second-order Stokes light in the range of
0–1 MHz with a resolution of 200 Hz and length of 100 s.
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3. SIMULATION OF PULSING OPERATION
DYNAMICS

The pulsing operation of this counterpumped RFL can be theo-
retically investigated by a set of temporal-spatial-coupled cas-
caded Raman equations with the considering of distributed
Rayleigh backward scattering [6,34]:

dP�
0

dz
� 1

vg0

dP�
0

dt

� � λ1
λ0

gR1�P	
1 	 P−

1 	 4hν1Δν1B1�P�
0 � α0P�

0 � ε0P
�
0 ;

(1)

dP�
1

dz
� 1

vg1

dP�
0

dt

� �gR1�P	
0 	 P−

0��P�
1 	 2hν1Δν1B1 � ε0P

�
1 �

� λ2
λ1

gR2�P	
2 	 P−

2 	 4hν2Δν2B2�P�
1 � α1P�

1 ; (2)

dP�
2

dz
� 1

vg2

dP�
2

dt

� �gR2�P	
1 	 P−

1��P�
2 	 2hν2Δν2B2� � α2P�

2 ; (3)

Bj � 1	 1

exp
h
h�νj−νj−1�

kBT

i
− 1

�j � 1; 2�; (4)

where the subscript 0, 1, and 2 stands for the pump light, the
first-order Stokes light, and the second-order Stokes light, re-
spectively; superscripts+and−represent the forward and back-
ward propagating waves, correspondingly; P�z; t� denotes the
power in different time and position; νg is the group velocity
in the fiber; gR; α, and ε is the Raman gain coefficient, signal
loss and Rayleigh backscattering coefficient, respectively. h is
Planck constant; υ is the wave frequency; Δυ is the bandwidth
of Stokes light. The parameter B represents the population of
the photon that introduces the noise from spontaneous
Raman scattering.

The boundary conditions can be described as P	
0;1;2�0; t� �

RL0;1;2P−
0;1;2�0; t�, P−

0�L; t� � PinTR0 	 RR0P	
0 �L; t�,

P−
1;2�L; t� � RR1;2P	

1;2�L; t�, Pout0;1;2�t� � T R0;1;2P	
0;1;2�L; t�,

where RL0;1;2 and RR0;1;2 are the corresponding reflectivities at
the left and right end, P in stands for the input pump power, and
T R0;1;2 are the transmissivities of fiber circulator. The
values of parameters set in the numerical simulation are listed
in Table 1.

Equations (1)–(4) can be numerically solved by discretizing
the variables of z and t with the FDTDmethod. The calculated
output power as a function of time at 6.51 W pump power
(threshold of first-order Stokes light) is depicted in Fig. 5(a).
When t � 0, the pump light is turned on and launched into
the RFL via the fiber circulator. It takes about 28 μs for the
first-order Stokes light coming back to the fiber circulator,
which is almost consistent with the round-trip time in the 3 km
passive fiber. Just at the established moment, the Stokes light
exhibits pulsing operation, and 190 μs later (about six times the

round-trip time) the output Stokes light evolves to a regular
pulse shape. The peak power of calculated output pulse is about
7.25 W after stable pulse can be obtained. The pulse periods at
different pump level (lower than the threshold of second-order
Stokes light) are also simulated and plotted in Fig. 5(b). The
evolutions of pulse can approximately fit with the experimental
data. Generally speaking, the presented model and parameters
can be employed to investigate the pulsing operation dynamics
of this counterpumped RFL preliminarily.

To explore the dynamics of the pulsing operation of this
counterpumped RFL, the spatial-temporal distributions of
pump and Stokes light are calculated and presented in Fig. 6.
In this counterpumped RFL, we can imagine the following
processes. The output of Stokes light need sufficient Raman
gain, which is provided by the pump light distributed in the
half-opened cavity. When the pump source with enough power
level is on, the pump light, which experiences a round trip in
the passive fiber and exports from the third port of fiber
circulator, would be depleted because most of its energy will
transform to the first-order Stokes light. Then, the pump power
distributed in the half-opened cavity at a certain moment can-
not provide sufficient Raman gain for the Stokes light, and
the RFL could be off. When the RFL is off, the pump light
distributed in the cavity would not be depleted and can offer
enough Raman gain for Stokes light. Then, a pulse of Stokes
light is formed. About six times of round-trip time after turning
of the pump source, a kinetic balance between the pump power
and Stokes power distributed in the cavity can be achieved and
stable spatial-temporal modulation of pump can be generated,
as presented in Figs. 6(a) and 6(b). Then, stable pulsing oper-
ation can be obtained. In summary, the stable pulsing operation
of this counterpumped RFL is caused by the passive spatial-
temporal-modulation of pump-light induced self-modulation
of Raman gain in the laser despite employing of a continu-
ous-wave pump source.

Table 1. Parameters for the Numerical Calculations

Parameter Value Unit

λ0; λ1; λ2 1.0792, 1.134, 1.195 10−6 m
gR1; gR2 6.3, 6.0 10−4 m−1 W−1

a0; a1; a2 2.7, 2.2, 1.8 10−4 m−1

ε0; ε1; ε2 6.5, 6, 5.5 10−7 m−1

Δν1;Δν2 0.55, 1.00 1012 Hz
T 298 K
RL0; RL1; RL2 0.99, 0.9, 0.5
RR0; RR1; RR2 2.1 × 10−5
T R0; T R1; T R2 0.95, 0.89, 0.82
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Fig. 5. Calculated (a) output pulse and (b) pulsation period.
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It should be noted that the generation of pulsed second-
order Stokes light pumped by pulsed first-order Stokes light
and the pump hysteresis and bistability characteristic cannot
be simulated presently with this simple model without the con-
sideration of dispersion, optical-intensity-induced refractivity
modulation and interaction length of transmitted pulse.
This is our next goal of theoretical investigation.

4. SUMMARY

In conclusion, we propose and realize a stable pulsed RFL via
passively spatiotemporal gain modulation. The RFL in a half-
opened cavity is counterpumped by a powerful and temporal
stable ASE source. At 6.51 W pump level, stable pulse can be
obtained with a period of 37.42 μs. The corresponding energy
of the pulse envelope is 79.7 μJ. Furthermore, the RF trace at
the fundamental repetition frequency has a contrast of as high
as 60 dB against the noise floor, which indicates the good
stability of the output pulse train. The theoretical simulation
fits the experimental result well and presents the spatiotemporal
distributions of forward and backward pump light and Stokes
light in the long passive fiber. Based on this, we can conclude
that the pulsing operation is caused by the passively spatiotem-
poral modulation of pump light induced self-modulation of
Raman gain in the passive fiber despite of the employing of
a continuous-wave pump source. Additionally, pump hysteresis
and bistability can be observed with the overcoming of thresh-
old of second-order Stokes light. Further pulse energy scaling
and dynamical simulations of pump hysteresis and bistability
are ongoing. The investigations can extend the comprehension
of temporal property of RFL and provide an effective novel

avenue for the exploration of pulsed RFL with structural sim-
plicity, low cost, and stable output.
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